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The development of therapeutics to treat human 
disease has always been a major goal for biomedi- 
cal research and innovation. Nevertheless, the com- 
plexity of the majority of human diseases poses an 
important and difficult obstacle to overcome. 
Moreover, the genetic contribution to these condi- 
tions complicates the targeting of endogenous and 
normal processes of cellular functioning, such as 
transcription and translation. In the past century, 
the understanding of DNA structure and the devel- 
opment of techniques to manipulate and recombine 
this molecule allowed the conception of new strate- 
gies that could use DNA as a therapeutic agent. In 
the 1970s, it was proposed for the first time that 
some human genetic conditions could be treated by 
the administration of exogenous DNA. The enor- 
mous technological advance in the field of biomed- 
icine, with the human genome sequencing or the 
development of high-throughput techniques, for 
example, contributed to an effective application of 
gene therapy in the human context. Recently, the 
approval of several gene therapy medicines in 
Europe and the USA definitively established a new 
paradigm in human disease treatment and opened a 
new era for gene therapy. 


1.1 The Concepts of Gene 


and Cell Therapy 


As the name clearly implies, gene therapy refers 
to the use of genes as “drugs” to treat human dis- 
eases. In a simple way, gene therapy could be 
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defined as a set of strategies modifying gene 
expression or correcting mutant/defective genes, 
which involves the administration nucleic acids - 
DNA or RNA - to cells. However, more elaborate 
and complete definitions for gene therapy can be 
found, especially the ones produced by regula- 
tory agencies. According to the European 
Medicines Agency (EMA) and to the European 
Union (EU) directive 2001/83/EC, a gene ther- 
apy product consists on a biological medicinal 
product, which has the following characteristics 
[1]: (a) it contains an active substance, which 
includes or consists of a recombinant nucleic 
acid used in or administered to human beings 
with a view to regulating, repairing, replacing, 
adding, or deleting a genetic sequence; (b) its 
therapeutic, prophylactic, or diagnostic effect 
relates directly to the recombinant nucleic acid 
sequence it contains or to the product of the 
genetic expression of this sequence. Gene ther- 
apy medicinal products do not include vaccines 
against infectious diseases. For the US Food and 
Drug Administration (FDA), gene therapy 1s the 
administration of genetic material to modify or 
manipulate the expression of a gene product or to 
alter the biological properties of living cells for 
therapeutic use [2]. 

If the 1dea seems like science fiction, the truth 
is that in 1972 Friedmann and Roblin discussed 
this possibility in aScience paper entitled: ^Gene 
therapy for Human Genetic Disease?" [3]. In this 
very interesting and advanced paper for their 
time, the authors postulated that gene therapy 


1 


could be used in the future to ameliorate genetic 
diseases. In a very simple, but very accurate 
image, they describe how a mammalian cell 
could be modified by an exogenous source of 
DNA, following a similar path to that used by a 
virus (Fig. 1.1). Despite predicting important 
advantages with this therapy, authors clearly 
opposed any attempt to perform gene therapy in 
humans in a foreseeable future. The authors pro- 
vided three important reasons for that: (1) 
the understanding on gene regulation and genetic 
recombination was still inadequate; (11) the rela- 
tion between gene and disease phenotype was not 
clear for many genetic disorders; and (111) there 
was no information on gene therapy side effects. 
Moreover, authors also raised some important 
ethical concerns about gene therapy, including 
eugenics, which are still important questions 
today in gene therapy applications. 

Less than 20 years later in 1990, the first ther- 
apeutic clinical trial using gene therapy started in 
the USA at the National Institutes of Health 
(NIH) in Bethesda, Maryland. Michael Blease 
and French Anderson led the clinical trial in two 
patients with adenosine deaminase (ADA) defi- 
ciency, a monogenic condition causing severe 
immunodeficiency. In this trial, the two patients, 
Ashanthi DeSilva and Cindy Kisik, had their 
autologous T-cells treated ex vivo with the correct 
ADA gene (using retroviral vectors), which were 
then reinfused [4]. The success of this trial 


Fig. 1.1 Strategies for 
the genetic 
modification of a cell, 
as proposed by 
Friedmann and Roblin 
in 1972, in their Science 
paper entitled: “Gene 
therapy for Human 
Genetic Disease?". They 
posited that delivery of 
exogenous nucleic acids 
could be performed 
using different methods, 
by which exogenous as 
genes could then be l G2 
expressed in the 
modified cells. 
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remains controversial as (1) the response of the 
patients to the treatment was modest and (ii) 
patients simultaneously received enzyme replace- 
ment therapy [5]. Nevertheless, it became the 
first clinical trial of gene therapy in history and 
provided an important boost and enthusiasm for 
the field. 

However, in 1999 a major drawback led to the 
partial suspension of gene therapy clinical trials 
and to the reevaluation of others in the USA. In 
that year, Jesse Gelsinger died after a severe 
adverse immune reaction to a adenoviral vector 
used in gene therapy treatment, only 4 days after 
the procedure [6]. Gelsinger had ornithine trans- 
carbamylase (OTC) deficiency, which is fatal for 
most of the carriers, although, in his case, it was 
partially controlled through drugs and a low-pro- 
tein diet. Later, it was identified that there were 
several non-authorized alterations in the clinical 
protocol and not enough information in the 
informed consent [7]. 

Despite this important drawback, several clin- 
ical trials using gene therapy continued. One of 
those trials conducted in Europe treated 10 boys 
with X-linked severe combined immunodefi- 


ciency (X-SCID) [8]. However, after the gene 
therapy treatment, four boys developed leukemia 
and one died 60 months after the intervention. 
Posterior studies showed that the therapeutic 
transgene was inserted near an oncogene, leading 
complications 


to severe starting around 
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30 months after the gene therapy. Nevertheless, 
in a 10-year follow-up of the intervention, the 
gene therapy was shown to have corrected the 
disease of the surviving participants [9]. In 2003, 
due to the adverse events in this study and several 
other concerns, the FDA suspended gene therapy 
clinical trials, arguing that not all the safety issues 
were addressed and more research was needed in 
the field [10]. Curiously, in the same year, China 
approved the first gene therapy product, 
Gendicine®, aiming to treat patients with tumors 
with p53 gene mutations [11]. However, the ther- 
apy was never approved in Europe, the USA, or 
Japan. 

The first gene therapy medicine approved in 
these countries came in 2012, when Glybera® 
received marketing authorization in Europe for 
the treatment of lipoprotein lipase (LPL) defi- 
ciency, with the cost of 1.1 million euros, being, 
however, withdrawn from the market in the end 
of 2017 due to efficacy and low demand issues. 
Currently, several gene and cell therapy products 
are approved in Europe and the USA, including 
Strimvelis® to treat ADA-SCID, and more are in 
the pipeline for approval in the next years (see 
Sect. 1.11). 

The concept and application of gene therapy is 
closely related to the idea of cell therapy, which 
can be roughly defined as an approach where 
cells are used as therapy or vehicle for therapy. 
Of course, cell therapy has been used for many 
years, considering, for example, blood transfu- 
sions and bone marrow transplants. Currently 
cell therapy per se has an enormous potential in 
regenerative medicine, even without genetic 
modifications of the cells. Nevertheless, the 
immunologic issues associated with cell trans- 
plants opened an opportunity for the combination 
of cell and gene therapy. In fact, several clinical 
trials have involved both gene and cell therapies, 
where defective (or not) cells are isolated from 
patients, treated with the therapeutic gene (using 
the appropriate vector), and then reinfused into 
the patient. Therefore, there is a clear overlap 
between both strategies Combined, they can be 
defined as a therapeutic intervention based on the 
administration of genetic material in order to 
modify or manipulate the expression of a gene 


product, altering the biological properties of liv- 
ing cells. 

Despite all the drawbacks pointed before, 
research and the improvement in gene therapy 
knowledge and techniques continued. Important 
discoveries and advances like the RNA interfer- 
ence (RNAi) pathway, the Human Genome 
Project, or the production of induced pluripotent 
stem cells (PSC) contributed to the continued 
interest in, and development of, gene therapy. 
More recently, the advance in gene editing tech- 
niques like TALENs or CRISPR provided a new 
boost in gene therapy, promising better, more 
accurate, and more effective forms to intro- 
duce or modifying genes. 

For some, gene therapy was a promise that 
was never fulfilled, while others argue that the 
better is still to come. What offers no doubt 1s that 
gene therapy presents both advantages, like the 
possibility to effectively eradicate disease, and 
disadvantages, such as important ethical and 
safety issues that need to be addressed (Table 1.1). 
Currently, gene therapy is again in the spotlight 
of clinical and basic research, utilizing new tech- 
niques and taking advantage from the accumu- 
lated knowledge, the promising results of 
preclinical and clinical studies, and the interest of 
pharmaceutical companies due to the recent 
approval of several gene therapy products. Of 


Table 1.1 Advantages and disadvantages of gene and 
cell therapy 


Advantages Disadvantages 
Modification of human 


abilities 


Contributes to disease 
prevention 

Contributes to eradicate 
diseases 


Changes the genetic pool 


Helps to reduce the Potential increase in 


disease risk in future diseases 

generations 

Extends life expectancy Safety problems 

Avoids constant High costs 

medication 

Could replace defective Ethical concerns 

cells 

Unexplored potential Short-time effect of some 
strategies 

Allows a better Might not be 

understanding of how effective against complex 

genes work diseases 


course, this renovated interest makes gene ther- 
apy more prone to unethical procedures or poorly 
designed studies. Thus, important regulation pro- 
cedures and careful attention to the studies are 
needed from the regulatory authorities, but also 
from scientists all over the world. 

Designing a gene therapy study (in a preclini- 
cal or clinical context) is a complex process, 
where several variables must be considered 
ensuring the success and safety of the proposed 
therapy. Questions regarding the therapeutic tar- 
get, the delivery system, or the immune response, 
for example, must be carefully studied and 
addressed before the application of the gene ther- 
apy. In the next sections, we will discuss some of 
the important issues that should be considered 
when designing a gene therapy study. 


1.2 Types of Gene Therapy 

The presence of genetic material in almost every 
cell in the human body makes these cells poten- 
tial targets for gene therapy, including the germ- 
line cells. The major division between somatic 
and germline cells provides a categorization of 
gene therapy into two types, depending on the 
target cells. Somatic gene therapy refers to the 
interventions targeting the vast majority of 
human cells (somatic cells). On the other hand, 
we can speak of germline gene therapy if the 
targets of the intervention are the reproductive 
cells (Table 1.2). This very simple but clear clas- 
sification advises that gene therapy directed to 
humans should be carried out exclusively in 
somatic cells. The germline gene therapy raises 


Table 1.2 Main features of somatic gene therapy com- 
pared with germline gene therapy 


Somatic gene therapy | Germline gene therapy 
For the majority of 


the human cells 


Changes will be transmitted 
to next generations 
Unknown effect on future 
generations 


Alterations restricted 
to the patients 

Not passed on to 
future generations 


Important bioethical issues 


Technical difficulties in 
inserting genes in germ cells 


Less bioethical 
concerns 
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important ethical questions, being at least for 
now prohibited in Western countries [12]. 
Nevertheless, the advent of gene editing reopened 
the debate, and recently a panel of the US 
National Academy of Sciences considered the 
possibility of allowing embryo gene editing to 
prevent a disease, but only in rare circumstances 
and after further research [13]. 

Besides the important ethical and moral ques- 
tions behind the gene editing of the germline, 
other technical questions also make it difficult: (1) 
currently the preimplantation diagnosis is able to 
identify and prevent several disease mutations, 
thus limiting the need for genome editing; (11) the 
current procedures for zygote editing are not 
infallible, even in rodents; and (111) offsite adverse 
and severe modifications can occur from the gene 
editing procedure. Despite the ethical and techni- 
cal arguments, gene editing therapy was recently 
in the world spotlight, as in 2018 Chinese scien- 
tist He Jiankui claims that he performed gene 
editing in two human embryos, which were 
implanted and had already been born [14]. The 
scientific community and the world in general 
were astonished by this bold but highly question- 
able move, and the veracity of the claim is not 
completely assured. 

For sure, the next few years will bring more 
debate and controversy on this matter, raising the 
need for rules and the maintenance of high ethi- 
cal standards. Scientists and regulatory agencies 
are in the field, and the organization of world 
forums and summits on human gene editing will 
bring new regulation proposals. However, some 
controversies will certainly arise. 


1.3 Gene Therapy Strategies 

The application of gene therapy seems very 
straightforward if one thinks of genetic recessive 
disorders caused by a dysfunctional gene, where 
one normal copy of the gene could revert the dis- 
ease phenotype and thus the only material to 
transfer is the correct gene (Fig. 1.2). This 
strategy, also called gene augmentation ther- 
apy, would be ideal to treat diseases caused by a 
gene mutation that leads to a malfunctioning or 
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Fig. 1.2 Gene therapy strategies. In its simplest form, 
gene therapy could be performed by adding a new func- 
tional gene aiming to compensate a mutation or to improve 
cellular homeostasis — gene augmentation therapy. 
However, in some cases restoring a certain protein normal 
function may not be enough to mitigate the disease pheno- 
type. For example, in genetic dominant diseases, mutant 
gene expression should instead be silenced, thus prevent- 
ing the formation of the defective protein that causes the 
disease — gene silencing therapy. Recently, with the 


advent of gene editing tools, another strategy became 
available, in which a cell genome could be directly edited 
by removing a mutation or an entire gene and/or introduc- 
ing a correct gene — gene editing therapy. All these three 
gene therapy strategies aim to revert cellular defects 
caused by malfunctioning genes. However, in certain dis- 
eases such as cancer, the aim is to cause cell death. In 
these cases, gene therapy could also be used, by introduc- 
ing, for example, a toxic gene that will cause cellular 
apoptosis — suicide gene therapy. 


deficiency of the resulting protein. In the treat- 
ment, adding a functional/normal version of the 
defective gene would theoretically guarantee the 
success of gene therapy. However, from a more 
practical point of view, this success is condi- 
tioned by at least two factors: (1) the levels of the 
normal protein produced by the inserted gene 
have to be sufficient and physiological, and (11) 
the effects of the disease are still in a reversible 
state. This type of gene therapy was used in the 
first gene therapy clinical trial that was already 
mentioned for ADA-SCID, but it could also be 
effective for types of severe combined immuno- 
deficiency or for cystic fibrosis (CF), among 
many others. 

However, for many diseases, restoring the nor- 
mal protein function would not be enough to 
revert the disease phenotype, and the expression 
of the mutant gene should actually be inhibited. 
This strategy, also named gene silencing ther- 
apy (or gene inhibition therapy) would be suit- 
able, for example, for some genetic dominant 
diseases, some types of cancer or certain infec- 
tious diseases (Fig. 1.2). In the case of dominant 
diseases, the theoretical setup of this strategy 
would be to introduce a gene which could inhibit 
the expression of the mutant gene or that would 
interfere with the activity of the mutant protein. 
This approach became very feasible with the dis- 
covery of the RNAi pathway in 1998, by Andrew 
Fire and Craig Mello [15]. RNAi is an endoge- 
nous and conserved cellular pathway able to reg- 
ulate gene expression through small RNA 
molecules that are complementary to mRNA (for 
more details, see Chap. 7). For gene therapy, the 
RNAi pathway offered an opportunity to use 
endogenous cellular machinery to control the 
expression. of abnormal/defective genes. The 
gene silencing strategy has already been tested 
with success for several diseases in preclinical 
studies and currently is also being tested in clini- 
cal trials [16]. 

With the advent of gene editing techniques 
like TALENs or CRISPR, another strategy for 
gene therapy became available, aiming to edit the 
genome by removing a mutant gene and/or pre- 
cisely correcting a gene (Fig. 1.2). 
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Of course, all strategies have problems and 
particularities that should be considered. For 
example, one of the main safety concerns with 
gene augmentation therapy is the possibility of 
the random insertion of the transgene, which 
could occur in problematic genome locations, 
such as the vicinity of oncogenes, tumor suppres- 
sor genes, or unstable genomic regions. On the 
other hand, the gene silencing or inhibition strat- 
egies, despite important successes, fail to com- 
pletely shut down the expression of the target 
gene. Moreover, for gene silencing using the 
RNAi pathway, safety questions like off-target 
effects, long-term toxicity of the small RNA mol- 
ecules or RNAi pathway saturation should also to 
be addressed and considered. Thus, the guided 
insertion of the transgene or the replacement of 
the abnormal/defective gene by a normal func- 
tioning gene appears as the ideal form of gene 
therapy, surpassing some of the problems pre- 
sented by augmentation and silencing strategies 
of gene therapy. However, only recently have 
gene editing tools became easier to manipulate, 
allowing their use in the human gene therapy 
context. The enthusiasm in this field is so high 
that in 2016 a Chinese research group injected a 
person with cells edited by CRISPR-Cas9 [17]. 
Also in 2016, the first clinical trial using this sys- 
tem received a favorable opinion from an advi- 
sory committee at the US National Institutes of 
Health (NIH), aiming to be used in cancer ther- 
apy [18]. Nevertheless, potential off-target effects 
with these techniques or undesirable editing phe- 
nomena should also be considered and studied 
carefully. 

The strategies mentioned above aim to restore 
the cellular homeostasis trying to revert the path- 
ological abnormalities. However, in certain types 
of diseases such as cancer, the objective is to kill 
the defective cells. Gene therapy can also be used 
in this context, by using a transgene that (1) codi- 
fies for a highly toxic protein that kills the dis- 
eased cells or (11) expresses a protein that marks 
the cell as a target for the immune system 
(Fig. 1.2). This type of gene therapy is sometimes 
called suicide gene therapy and is discussed in 
more detail in Chap. 9. 
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1.4 Choice of the Therapeutic 


Target 


Another important issue in designing a gene ther- 
apy study is the choice of the target gene or cell, 
which entails a proper understanding of the 
genetic and molecular causes of a particular con- 
dition or disease. In the case of cell therapy, it is 
easy to conceive that the target will be the sick or 
defective cells. Nevertheless, it 1s crucial to con- 
sider important questions: (1) Do the cells used as 
therapeutics need to be treated with gene ther- 
apy? (i1) If stem cells are used, what would be the 
differentiation stage? (111) What is the source of 
the cells? 
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Fig. 1.3 Administration routes in gene therapy. An 
important consideration when designing a gene therapy 
application is to define the administration route to effi- 
ciently deliver the therapeutic gene to the target cells/ 
organs. If the genes are directly delivered to the organism, 
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In the case of gene therapy, the choice of the 
target is not so linear, as several options are avail- 
able and their suitability depends on condition/ 
disease pathogenesis. As mentioned before, it is 
easy to understand that, for a monogenic reces- 
sive disease, the gene therapy will consist in the 
addition of a "healthy" copy of the defective 
gene. However, in more complex pathologies, for 
example genetic dominant diseases, this strategy 
is not enough. In these diseases, one possible 
strategy for gene therapy would be the use of 
RNA and small RNA molecules to silence the 
expression of the abnormal causative gene. The 
different RNAi molecules, like siRNAs, shRNAs, 
and miRNAs, could be specifically designed to 
target the mRNA of the causative gene leading to 
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the gene therapy is called in vivo. On the other hand, if the 
gene is delivered to cells outside the organism and then 
these manipulated cells are administrated to a subject, 
then the gene therapy is named ex vivo. 


its cleavage or preventing its translation. 
Alternatively, a gene could also be used to treat 
dominant diseases aiming to improve the cellular 
function (like a gene to activate autophagy) or 
leading to cellular death (e.g., “suicide” gene 
therapy). Recently, the addition of a healthy copy 
of a gene also became an alternative for dominant 
diseases, if the abnormal copy is removed using 
gene editing tools. 

Importantly, the disease pathophysiology 
should be carefully weighted when choosing a 
therapeutic target, as for many of the diseases 
affecting human health the use of cells would not 
be suitable. 


1.5 Administration Routes 

The localization of the target cells/organs is prob- 
ably the main factor in deciding the administra- 
tion route, along with the choice of the gene 
delivery vehicle, which is normally named 
vector. 

Broadly, we can consider two options of 
administration routes for gene therapy: the direct 
delivery of the genes to organisms, also named in 
vivo therapy, and the delivery of genes to cells, 
which are then transplanted to the organism, 
named ex vivo therapy (Fig. 1.3). In the in vivo 
administration, the therapeutic sequence is deliv- 
ered directly to the target cells, organs, or the 
whole body, which could be a less inva- 
sive method but is more prone to have off-target 
effects. On the other hand, in ex vivo therapy cells 
are treated outside the body and then transplanted 
to the patients, allowing more control of the 
treated cells, but being technically more complex 
(Table 1.3). 

Nevertheless, this rather simple categorization 
of the administration routes is in fact far more 
complex. For example, in the direct in vivo 
administration, important questions should be 
considered: (1) Are the target cells/organs acces- 
sible to a direct application? (11) In a whole organ- 
ism administration, which fraction of the therapy 
reaches the target cells/organs? (111) Could the 
remaining fraction be toxic? These and other 
questions need to be considered when designing 
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Table 1.3 Comparison of ex vivo and in vivo administra- 
tion routes used in gene therapy 


In vivo (direct delivery) 
Less invasive 
Technically more simple 


Vectors introduced directly 


Safety check more difficult 
Reduced control of treated 
cells 

Could be applied to a high 
number of diseases 

More definitive (depending 
on the delivery system) 


Ex vivo (cell-based 
delivery) 

More invasive 
Technically more 
complex 

No vectors introduced 
directly 

Safety check easier 
More control of treated 
cells 

Applied only to a small 
number of diseases 


Could be transient (cell 
lifetime) 


Difficult to reach some Possibility of 

cells/tissues accumulation of 
mutations 

More off-target effects Specificity for the 


treated cells 


a gene therapy study and before its application. 
For example, when targeting the central nervous 
system, the direct delivery route should consider 
the blood-brain barrier (BBB) and its selectivity. 
One way to circumvent the BBB would be the 
intraparenchymal injection into the brain or the 
infusion into the cerebrospinal fluid (the gene 
delivery to the central nervous system is dis- 
cussed in detail in Chap. 4). However, these 
routes are highly invasive and greatly limit their 
selection in human patients. The ex vivo adminis- 
tration is also complicated by the source of the 
cells to be used. If allogenic cells are used, there 
is the problem of immune compatibility, whereas 
autologous cells sometimes are defective and are 
not suitable for the therapy. 


1.6 Delivery Systems 

The delivery of exogenous genetic material into a 
cell or tissue is not a straightforward or easy pro- 
cess, aS organisms developed several strategies 
and barriers to prevent it (see Chap. 4 for more 
details). Thus, one of the main issues to consider 
in a gene therapy strategy is the way to deliver the 
therapeutic sequence, that is, which delivery sys- 
tem is more suitable to ensure the success of the 
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therapy. In a broad way, two main groups of 
delivery systems are currently considered: the 
viral and the non-viral systems (Fig. 1.4). The 
viral systems take advantage from the broad 
diversity of viruses and their innate ability to 
infect/transduce cells. The key advantage of these 
systems is their high efficiency, whereas the main 
drawback is the safety concerns on using modi- 
fied viruses. On the other hand, non-viral sys- 
tems include several chemical or physical 
methods, which have as their principal advantage 
their safety profile, whereas the main disadvan- 
tage is their relatively low efficiency (Table 1.4). 

The choice of the correct/ideal delivery sys- 
tem for a given gene therapy is dependent on sev- 
eral variables, including the size of the gene, the 
expected effect, and the toxicity profile, among 
others. The different delivery systems used in 
gene and cell therapy are described in more detail 
in Chaps. 2 and 3. 


1.7 . Expression and Persistence 


of the Therapy 


Another important concern on gene and cell ther- 
apy applications is the expression levels of the 
inserted transgene/sequence, as it is virtually 
impossible to introduce a single copy of the 
transgene into the target cells. Importantly, the 
number of copies introduced is often different 
among the target cells. Both factors lead to (1) 
expression differences between target cells and 
(11) increased expression levels relative to basal 
conditions. Moreover, if the transgene is inte- 
grated (using, e.g., retroviral vectors), expression 
will be continuous, producing expression levels 
that might be different from physiological basal 
levels (probably much higher), which could lead 
to toxicity effects. Thus, the implementation of 
a gene therapy in a clinical setting must ensure 
very tight and consistent regulation of transgene 
expression, which could be achieved using regu- 
latable promoters. A proper gene regulation sys- 
tem should display several features, including 
[19]: (1) a low basal expression of the transgene, 
(ii) the expression should be triggered by the 
administration of a molecule and be responsive to 


a wide range of doses, (111) be specific to the tar- 
get cells/organs, (iv) do not interfere with endog- 
enous gene expression, and (v) allow a rapid and 
effective induction or repression of the transgene 
expression. 

Gene regulation systems can be categorized 
into two main groups: (1) exogenously-regulated 
systems, which use exogenous compounds to 
regulate gene expression and which are the most 
widely used in gene therapy applications, and (11) 
endogenously-controlled systems, which rely on 
internal stimuli to control the transgene expres- 
sion. Within the first group, the tetracycline (Tet) 
regulation systems are the most exploited and 
used tool for controlling gene expression, 
although others have been developed, like the 
rapamycin-regulated or the RU486-regulated sys- 
tems. In the second group of systems, the pro- 
moter is sensitive to physiological parameters 
and conditions, such as glucose levels or hypoxia. 
However, this endogenous regulation is difficult, 
and thus most of the systems used are based on 
the administration of exogenous molecules. 

Tetracyclines and their derivates like doxycy- 
cline (dox) have been widely used in the clinical 
setting as antibiotics, binding to the bacterial 30S 
ribosomal subunit and thus inhibiting protein 
translation. The Tet systems have two variants, 
the Tet-off system, which was the first one devel- 
oped and that is based on the negative control by 
tetracycline [20], and the Tet-on system, that 
is currently more used and which is based on the 
positive control of expression by tetracycline 
[21] (Fig. 1.5). Both systems are based on the 
bacterial Tet operon, namely, in the Tet repressor 
protein (TetR) and the tet operator (tetO) DNA 
elements. In the eukaryotic Tet-off system, the 
TetR was modified with a transcription activation 
domain (AD) from the VP16 protein of the her- 
pes simplex virus, creating a tetracycline- 
controlled transcriptional activator — (tTA). 
Moreover, the tetO sequences were fused with a 
TATA box-containing eukaryotic promoter to 
construct the tetracycline-responsive promoter 
(Pie). In the absence of tetracycline (or its deri- 
vates), the tTA will bind to the tetO sites in the 
Pes thus activating the expression of the down- 
stream transgene. On the other hand, the pres- 
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Fig. 1.4 Overview of the delivery systems used in gene 
therapy. Organisms and cells have developed several bar- 
riers to prevent the entry of exogenous genetic material. 
Therefore, overcoming these barriers to deliver the thera- 
peutic gene is crucial to the success of gene therapy. In a 
broad manner, delivery systems for gene therapy can be 


classified into two groups: non-viral vectors and viral vec- 
tors. The first group refers to physical and chemical meth- 
ods, such as microinjection or cationic liposomes. On the 
other hand, the second group is based on engineered 
recombinant viruses that are used to deliver the therapeu- 
tic transgene. 


1.8 Cell Targeting 


Table 1.4 Main advantages and disadvantages of non- 
viral and viral systems to used deliver therapeutic genes 


Advantages 
Non-viral systems 
Easy production 


Low toxicity 
Unlimited cloning 
capacity 

Viral systems 

High efficiency in gene 
transfer both in vivo and 
ex VIVO 

Persistence of 
therapeutic strategy (in 
some cases) 

High variety of cells 
able to be transduced 
High variety of viruses 
to be engineered 
Natural tropism to 
infect/transduce cells 
Natural DNA transport 


Disadvantages 


Low efficiency/low 
expression 


No transgene integration 
Low tropism 


Possible immune/ 
inflammatory response 


Safety/toxicity concerns 


Limited cloning capacity 
Complex production 
Limited tropism (in some 


cases) 
Possibility of mutagenesis 


mechanism into nucleus 
(in some cases) 


Limited knowledge on 
molecular mechanisms of 
infection 


ence of tetracycline alters the conformation of the 
TetR domain of tTA, which prevents the binding 
to tetO sites and blocks the transgene expression 
(Fig. 1.5, upper panel). From a gene therapy 
clinical view, the Tet-off system is not very suit- 
able, as long-term administration of tetracycline 
might be needed in order to repress transgene 
expression. To overcome this problem, the 
Tet-on system was developed, allowing the acti- 
vation of transgene expression in response to the 
presence of tetracycline. This was achieved by a 
mutation in the TetR, which allows it to function 
in a reverse way (rTetR), binding to tetO in the 
presence of the effector. The system is completed 
by the fusion of AD to reverse-tTA (rtTA) that 
binds Ptet and activates the transcription of the 
downstream transgene in the presence of tetracy- 
cline (Fig. 1.5, lower panel). Several improve- 
ments on these and other systems were made and 
are already used in gene therapy clinical trials, 
namely in cancer [22]. 


1.8 Cell Targeting 

In most human diseases, different cells and 
organs are not affected, and thus a gene or cell 
therapy must ensure preferential treatment of the 
affected cells and organs. Targeting specificity 
will increase the therapy efficacy, raising the con- 
centration of the therapeutic molecule in the most 
affected cells/organs and avoiding its sequestra- 
tion, dilution, or inactivation in non-target cells, 
at the same contributing for the increase of the 
safety profile of the therapy. 

Taking into account the existing experience with 
conventional drugs, as well as with cellular trans- 
plants, several strategies could be employed in 
gene therapy aiming at specific targeting [23]: (1) 
physical strategies, where the molecule/cell is 
delivered locally into the target area; (11) physio- 
logical strategies, based on natural physiological 
mechanisms of distribution; and (iii) biological 
strategies, based on biological alterations of the 
vehicles to achieve a specific localization 
(Fig. 1.6). Local delivery is probably the most 
straightforward way of administering a gene 
therapy; nevertheless, the procedure is extremely 
invasive, and particular cells/organs may be dif- 
ficult to access. Taking advantage of physiologi- 
cal mechanisms such as blood circulation is 
another strategy for gene delivery. Despite the 
fact that it could be used in some contexts, sys- 
temic delivery has to deal with several physiolog- 
ical barriers, for example the BBB, when 
accessing the central nervous system. 

The biological strategy implies the modification of 
the vector/cell, altering its entry proprieties or 
modulating  post-entry features, for exam- 
ple by using a promoter specific to the target cells 
(Table 1.5) [24]. Depending on the type of vector 
(viral or non-viral), different modifications could 
be made 1n the surface of the vector (mode details 
on these modifications are detailed in Chaps. 2 and 
3). As an example, the lentiviral vector envelope 
can be modified using glycoproteins from other 
viruses, thus altering its tropism. In the case of 
adeno-associated virus (AAV), different serotypes 
have tropism to different cells, providing a wide 
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Fig. 1.5 Tetracycline (Tet) regulation system for the 
control of gene expression. This system is based on the 
bacterial Tet operon and the administration of tetracy- 
clines or their derivates to control gene expression. The 
Tet system has two main variants: the Tet-off system (upper 
panel) and the Tet-on system (lower panel). In the Tet-off 
system, the TetR is modified with a transcription activa- 
tion domain from the VP16 protein of the herpes simplex 
virus, creating a tetracycline-controlled transcriptional 
activator (tTA). Additionally, the tetO sequences are fused 
with a TATA box-containing eukaryotic promoter to con- 
struct the tetracycline-responsive promoter (Pj). In the 
absence of tetracycline (or its derivates), the tTA will bind 


range of selectable choices. Other viruses like her- 
pes simplex virus have a natural tropism to neu- 
rons, which makes them particularly suitable as 
delivery systems to the nervous system. In the case 
of non-viral vectors, especially the chemical-based 
vectors, the use of additional molecules helps to 
ensure a more directed targeting of particular cells. 
For example, the use of transferrin allows lipo- 
somes to enter the brain, surpassing the BBB. 
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to the tetO sites in the P4, thus activating the expression of 
the downstream transgene. On the other hand, the pres- 
ence of tetracycline alters the conformation of the TetR 
domain of tTA, which prevents the binding to tetO sites 
and blocks the transgene expression. On the contrary, the 
Tet-on version allows the activation of transgene expres- 
sion in the presence of tetracycline. This is achieved by a 
mutation in the TetR, which allows it to function in a 
reverse way (rTetR), binding to tetO in the presence of the 
effector. The system is completed by the fusion of AD to 
reverse-tTA (rtTA) that binds Ptet and activates the tran- 
scription of the downstream transgene in the presence of 
tetracycline. 


1.9 Immune Response 


to the Therapy 


Circumventing the immune response is a major 
issue in gene therapy (except if the goal is vacci- 
nation or tumor lysis), especially when using 
viral vectors (see Chap. 4 for more details). The 
immune system comprehends a complex array of 
mechanisms protecting the body against 
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Fig. 1.6 Cell targeting strategies in gene therapy. The 
delivery of the therapeutic gene to the target cells/organs 
can be performed using physical strategies, in which there 
is a local and direct delivery of the gene using devices, 
such as catheters, or by using physiological strategies, in 
which endogenous physiological mechanisms, e.g., the 
blood circulation, are used to deliver the therapeutic gene. 
Finally, different biological strategies that take advantage 
of different biological mechanisms can also be used to tar- 
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get cells. For example, the therapeutic gene and vector can 
have a natural tropism to the target cell or organ, while not 
targeting other cells. Another strategy involves the use of 
specific molecules to be recognized by specific target cell 
receptors, thus specifically delivering the therapeutic gene 
to these cells. Finally, the use of cell-specific promoters 
could also limit the expression of the therapeutic gene to 
the target cells. 
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Table 1.5 Different gene promoters and their cell 


specificity 
Promoter Specificity 
CMV Cytomegalovirus Ubiquitous 
PGK Phosphoglycerate 
kinase 
UbC Ubiquitin 
hAAT Human Liver 


a-1-antitrypsin 


TBG Thyroxine-binding 
globulin 
Desmin  |Desmin Skeletal muscle 
MCK Muscle creatine 
kinase 
Synapsin | Synapsin Neurons 
CaMKII | Ca?*/calmodulin- 
dependent protein 
kinase II 
mGluR2 | Metabotropic 
glutamate receptor 2 
GFAP Glial fibrillary acidic | Astrocytes 
protein 
MBP Myelin basic protein | Oligodendrocytes 


pathogens like viruses and bacteria. The system 
is divided into two main responses: (1) the innate 
immune response, which is the initial, rapid and 
unspecific defense, and (11) the adaptive immune 
response, which is stimulated later and more 
complex than the innate response. The latter 
response involves the specific, antigen- 
mediated, recognition of the pathogen, its elimi- 
nation through humoral and/or cellular responses, 
and a memory component that allows improved 
resistance to future infections. 

Both viral and non-viral vectors can induce an 
immune response, which could lead to the elimi- 
nation of the vector and of the transduced cells, 
thus decreasing the efficacy of the therapy. 
Moreover, the production of proinflammatory 
cytokines and chemokines also has a harmful 
effect on the organism. Diverse factors influence 
the immune response to a vector, including [25] 
(1) the route of administration, (11) the dose of the 
vector, (111) patient-related factors (e.g., age, gen- 
der, immune status, drug intake), (iv) the type of 
promoters and/or enhancers used, and (v) the 
alterations made to the vector genome sequence 
and/or structure. 
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Several strategies were developed to ensure 
the success of gene therapy by overcoming the 
immune response [26]. One strategy is to avoid 
the expression of the delivered gene in antigen- 
presenting cells (APCs), such as dendritic cells, 
B-cells, or macrophages. The regulated expres- 
sion of the transgene could also be used as a strat- 
egy to avoid the immune response, by delaying 
the expression of the gene until the tissue recov- 
ers from the inflammation associated with the 
vector administration. Another strategy is to 
deliver the genes into immune-privileged sites, 
like the brain or the eye. Additional strategies 
also include the modifications of the vector used, 
for example, performing genetic (viral vectors) 
or chemical and nonchemical modifications to its 
structure (both viral and non-viral vectors). 
Finally, another type of strategy is based on 
immunosuppression, similar to the procedure fol- 
lowing organ transplantation. However, the use 
of immunosuppression strategies should be care- 
fully planned, as they could interfere with other 
aspects of the gene therapy, such as modifying 
the vector internalization, stability, and transduc- 
tion efficiency or leading to long-term complica- 
tions such as the increased risk of malignancies. 


1.10 Highlights in the History 
of Gene and Cell Therapy 


Many events contributed to gene therapy devel- 
opment; thus, it is not easy to select the main 
highlights, taking also into account that for many 
of these important marks to happen, a lot of stud- 
ies and developments were also made. Several of 
the important milestones that we selected for 
these highlights were already referred, including 
the first gene therapy clinical trial or the first 
approved gene therapy product in Europe. It is 
also important to note that several discoveries 
and studies were not related directly to gene ther- 
apy, but contributed decisively for its develop- 
ment, taking as an example the discovery of the 
RNAi mechanism. Furthermore, several advances 
related to cell therapy were also important for the 
gene therapy history, for example, the develop- 
ment of iPSC. 


1.10 Highlights in the History of Gene and Cell Therapy 


It is virtually impossible to date the beginning 
of gene therapy. However, two pioneer papers 
are probably in the genesis of the idea and pos- 
sible implications of human gene therapy. In 
1967, Marshall Nirenberg formulated the ques- 
tion: Will society be prepared?, recognizing that 
genetic messages could be synthesized chemi- 
cally and then be used to program cells [27]. The 
author recognized the enormous potential of this 
approach but also the obstacles and ethical prob- 
lems behind it. Later, in 1972 Friedmann and 
Roblin asked: Gene therapy for human genetic 
disease? [3]. If these two papers probably gave 
the starting shoot on the discussion about gene 
therapy and its implications, two important sci- 
entific advances contributed decisively for the 
concretization of gene therapy: the first virus- 
mediated gene transfer in 1968 [28] and the cre- 
ation of the first recombinant DNA molecule in 
1972 [29]. 

As pinpointed throughout this book, the 
delivery system of the gene is essential to the 
success of gene therapy and, since the first 
attempts, a lot of effort was directed to that 
development. Therefore, another important 
advance for gene therapy came with the con- 
struction of a retrovirus vector. In 1984, Cepko, 
Roberts, and Mulligan [30] reported the devel- 
opment of a murine retrovirus vector, which 
allowed the efficient introduction of DNA into 
mammalian cells. The first approved protocol to 
introduce an exogenous gene into humans was 
approved in 1988 and the study published in 
1990 [31]. The study was not therapeutic, but 
rather described the introduction of a bacterial 
gene into tumor-infiltrating lymphocytes and the 
tracking of the persistence and localization of 
the cells after reinfusion into patients with 
advanced melanomas. 

Also in 1990, the first gene therapy clinical 
trial for ADA-SCID took place [4] and launched 
gene therapy interventions in humans. The initial 
idea was to perform ex vivo gene therapy using 
autologous hematopoietic stem cells (HSCs) 
and retrovirus; however the preliminary studies 
in nonhuman primates were disappointing, with 
low levels of viral transduction and engraftment. 
Instead, the researchers used autologous T-cells 
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treated with the functional ADA gene deliv- 
ered by a gamma retrovirus vector, which were 
stimulated to divide in vitro and then the cells 
were reinfused into the patients. More than the 
success of the intervention, this clinical trial was 
a mark for gene therapy, as it proved that it could 
be applied in humans in a feasible and safe man- 
ner. Until now, dozens of ADA-SCID patients 
have been treated using gene therapy with enor- 
mous success, opening the way for the approval 
of Strimvelis? to treat ADA-SCID, which was 
the second gene therapy product approved in 
Europe. 

In 1998, an important discovery that contrib- 
uted decisively to the success of gene therapy was 
published. Scientists Andrew Fire and Craig 
Mello discovered RNAi [15], a mechanism of 
gene expression regulation, based on small RNA 
molecules (siRNAs and microRNAs) comple- 
mentary to messenger RNAs (mRNAs), which 
activates a degradation pathway for those 
mRNAs. But what is the importance of RNAi to 
gene therapy? In the classical view of gene ther- 
apy, a functional or normal copy of a malfunc- 
tioning gene is introduced in a patient to treat a 
disease. Theoretically, in some recessive condi- 
tions, this intervention will lead to a complete 
cure, aS one single functional copy may be 
enough to prevent the disease phenotype. 
However, for dominant conditions, the introduc- 
tion of a normal gene is not enough to revert the 
disease. In this sense, RNAi offered the possibil- 
ity to treat dominant diseases with gene therapy, 
by using these small RNA molecules. These mol- 
ecules can be designed to be complementary to 
the target mRNA, leading to a reduction of target 
protein levels and in theory to the mitigation or 
even cure of the disease phenotype. The use of 
RNAi or antisense oligonucleotides greatly con- 
tributed to the development of gene therapy 
silencing strategies, aiming to abrogate or reduce 
the expression of a defective protein causing a 
disease. 

In 1999, an important complication that nega- 
tively impacted the development of the gene ther- 
apy field occurred, with the death of Jesse 
Gelsinger in a clinical trial for ornithine transcar- 
bamylase (OTC) deficiency. This is a metabolic 
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disease that affects ammonia elimination, being 
fatal in the first days after birth. However, some 
patients have a partial OTC deficiency that may 
be controlled by a strict diet and pharmacological 
drugs. Jesse Gelsinger had this partial deficiency 
and was considered an ideal candidate for the 
gene therapy intervention. He received a dose of 
3.8 x 10P recombinant adenoviral vectors con- 
taining the normal OTC gene directly in vivo in 
the hepatic artery [7]. Jesse died 4 days after the 
intervention, due to a severe immune reaction to 
the vector, which induced shock syndrome, cyto- 
kine release, acute respiratory distress, and multi- 
organ failure. It is, however, important to refer 
that the other 17 subjects that participated in this 
study, including asymptomatic ones, presented 
transient mild adverse effects such as muscle 
aches and fevers. It is also very important to point 
out that by February 2000 (some months after 
Jesse death), more than 4000 subjects were 
already subjected to gene therapy in approxi- 
mately 400 clinical trials, and Jesse was the only 
reported death [32]. Nevertheless, at that time, 
several clinical trials of gene therapy were halted, 
reviewed, or suspended, and, in the USA, FDA 
and the National Institutes of Health (NIH) pro- 
moted the development of new two programs, 
trying to enhance the monitoring of gene therapy 
clinical studies. 

In 2000, a gene therapy clinical trial conducted 
in Europe was published in Science, reporting the 
treatment of 10 boys with a type of immunodefi- 
ciency (X-SCID) [8]. The treatment was success- 
ful, and 10 years after the trial, the disease was 
corrected [9]. However, the insertion site of the 
therapeutic gene led to the development of leuke- 
mia in four of the treated boys, and one died 
because of that. Following this event, FDA sus- 
pended gene therapy clinical trials in 2003. 

Contrastingly, in 2003 China approved the 
first gene therapy product, Gendicine®, which 
started to be commercialized in 2004. The prod- 
uct consists of the p53 gene delivered in an ade- 
noviral vector aiming to treat patients with head 
and neck squamous cell carcinoma [11]. The 
reported data showed very good therapeutic 
results and no major adverse side effects, and 
until 2013 more than 10,000 patients were treated 
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with Gendicine? for different types of cancer 
[33]. Despite all of this, the product was never 
approved in Europe, the USA, or Japan. 

The halt in the clinical trials did not stop the 
development and improvement of gene therapies 
and strategies. In 2004, EMA granted the first 
commercial Good Manufacturing Practice (GMP) 
certification in the EU for the production of com- 
mercial supplies of gene-based medicines. The 
product licensed was Cerepro?, which is an ade- 
noviral vector with the gene thymidine kinase 
from herpes simplex virus aiming to treat malig- 
nant brain tumors. Despite several clinical trials, 
including a phase III trial, the product did not 
receive marketing authorization from EMA. 

In 2004, an important advance for science in 
general and for gene therapy, in particular, was 
achieved. In a major international effort, the 
human genome was fully sequenced, thus com- 
pleting the Human Genome Project [34] and pro- 
viding the possibility of precisely locating all 
human genes. Among other important applica- 
tions, human genome mapping provided a frame- 
work for the development of gene editing 
techniques for gene therapy. 

In 2006, another major breakthrough was pub- 
lished by Shinya Yamanaka, which reported the 
development of induced pluripotent stem cells 
(PSC) [35]. These pluripotent stem cells were 
reprogrammed from adult fibroblasts using four 
genes, now known as the Yamanaka reprogram- 
ming factors: Oct3/4, Sox2, KIf4, and c-Myc. The 
potential of this advance was soon perceived, 
namely for regenerative medicine. In the field of 
gene therapy, it expanded the possibilities of 
using autologous cells in ex vivo gene therapy 
applications. In 2014, the first application of 
iPSC-derived cells in humans started in Japan, 
for macular degeneration, which is the most prev- 
alent retinal disease in aged people [36]. Despite 
the reported positive results, the clinical trial was 
halted 1 year later, due to safety concerns [37]. 

In the following years, constant research aim- 
ing at improving the safety of delivery vectors 
and at developing better assays for risk assess- 
ment led to the return of gene therapy clinical tri- 
als for different conditions, such as Leber’s 
congentinal amaurosis, B-thalassemia, or hemo- 
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philia B [38]. The continuous push and effort by 
many researchers both in preclinical and clinical 
gene therapy studies led to the approval [39] in 
2012 of the first gene therapy product in Europe, 
Glybera®. The product was based on the delivery 
of a functional copy of the lipoprotein lipase gene 
by an AAV vector. However, at the end of 2017, 
the company producing the product did not renew 
the marketing authorization, and it was removed 
from commercialization. 

More recently, the development of techniques 
based on nucleases to precisely edit the genome 
brought a new advance to the gene therapy field, 
with the possibility of treating the genetic cause of 
a disease by directly editing or replacing the caus- 
ative gene(s). These technologies utilize meganu- 
cleases, zinc finger nucleases (ZEN), transcription 
activator-like effector nucleases (TALENSs), and 
the clustered regularly interspaced palindromic 
repeats (CRISPR) systems. ZFN was the first gene 
editing system reaching a phase I clinical trial 
[40]; however, currently most of the studies and 
research is directed to the CRISPR-Cas system. 
The very high efficiency and an easy and rapid 
construction provided an enormous boost in its use 
compared to the other gene editing plastforms. In 
2016, the first clinical trial using the system was 
approved and launched in China [17]. 

Gene therapy has come a long way, following 
a path of successes and drawbacks since the first 
clinical trial back in 1990. A huge effort by sci- 
entists, clinicians, and biotech companies led to 
the development and continuous improvement of 
the techniques, systems, and safety of gene ther- 
apy applications. The future is of course 
unknown; nevertheless the recent approval of 
several gene and cell therapy products in Europe 
and the USA might indicate that gene therapy is 
here to stay. 


Current Status of Gene 
Therapy 


1.11 


Until November 2017, more than 2600 approved 
gene therapy clinical trials took place around the 
world (Fig. 1.7) [41]. Most of these clinical trials 
were directed to treat cancer, followed by mono- 


genic, infectious, and cardiovascular diseases 
(Fig. 1.8). The recent boost in gene therapy and 
its related safety and technical developments led 
to the approval of 13 gene therapy products in 
Europe and/or the USA (Table 1.6). Several oth- 
ers are in the final stages of development and 
could receive marketing authorization in the near 
future. 


1.12 Ethical Questions 
and Concerns About Gene 
and Cell Therapy 


Considering several issues already mentioned in 
this book, it is clear that gene therapy is very 
prone to raise important ethical questions, con- 
troversies, and debates. It is evident that genetic 
manipulation comes with many disadvantages, 
but also with enormous potential and opportuni- 
ties (Table 1.7). Thus, gene therapy, as any other 
medical intervention involving human subjects, 
has to important requirements and consider- 
ations, such as (1) guaranteeing informed con- 
sent, considering the ethical principle of respect 
for persons; (2) having a favorable risk-benefit 
balance, considering the ethical principle of 
beneficence/non-maleficence; and (3) having a 
fair and rigorous selection of the research sub- 
jects, considering the ethical principle of justice. 
However, the complex issues surrounding 
gene therapy, such as the possibility of altering 
the personal genetic information, raise specific 
ethical quandaries: Should germline gene ther- 
apy be allowed? How to distinguish between 
gene enhancement and gene therapy? How to 
regulate the application of gene therapy? Do we 
understand the full implications of gene altera- 
tions? Is gene therapy only available to peo- 
ple with higher monetary incomes? And so on. 
A fundamental ethical question in gene ther- 
apy concerns the somatic versus germline gene 
therapy debate. From the accepted point of view, 
all gene therapies in human subjects should target 
somatic cells; however, even in this case, 
enhancement and safety problems should be con- 
templated. The prohibition on gene therapy tar- 
geting the germline cells ensures that its 
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Fig. 1.7 Gene therapy 
clinical trials approved 
by the end of 2017. 
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Fig. 1.8 Human conditions addressed in gene therapy 
clinical trials. Different gene therapy strategies have 
already been applied to different human conditions, espe- 


nonethical application is prevented altogether. 
This issue 1s now even more relevent, with the 
development of gene editing techniques allowing 
the direct and locally specific modification of 
genes in cells and patients, which fomented novel 
ethical questions and concerns around gene ther- 
apy. Even though the matter of not performing 
germline gene therapy in humans was a relatively 
consensual issue among the medical and scien- 
tfic communities, the recent claim of human 
embryo editing sounded the alarm and reinforced 


cially to cancer (65% of all the gene therapy clinical stud- 
ies performed), monogenic diseases (11.1%) and 
cardiovascular diseases (6.9%). 


the regulatory concerns. Although the gene edit- 
ing procedure was not yet completely verified 
and certified, the very possibility that is true 
united the scientific and medical communities 
against that type of manipulation. 

Something that undoubtedly emerges from 
these controversies and debates is the need for a 
clear regulation on gene therapy application in 
human subjects, which could be seconded by 
most of the developed and developing countries 
having the technology and the means to apply it. 
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Table 1.7 Main advantages and disadvantages of gene 
manipulation 


Advantages Disadvantages 
Less risk of genetic Access could be limited to 
diseases high income individuals 


Possibility of preventing | Reduction of genetic 
disease transmission to diversity 
next generations 


Increase in life Unknown interaction 
expectancy between genes 

Increase in the quality of | Irreversiblte alteration of 
life the human gene pool 


However, the huge advance in technical aspects 
and their availability to almost everyone will cer- 
tainly constitute an important and difficult chal- 
lenge for authorities and for the scientific 
community. 


This Chapter in a Nutshell 


* Gene therapy encompasses a set of strategies 
for modifying gene expression or correcting 
mutant/defective genes, involving the admin- 
istration of nucleic acids. 

e Somatic gene therapy refers to the interven- 
tions targeting somatic cells. 

* Germline gene therapy targets the reproduc- 
tive cells, which could affect the progeny 
genetic information. 

* There are several types of gene therapy: (a) 
gene augmentation, (b) gene silencing, (c) 
gene editing, and (d) suicide gene therapy. 

* The direct administration of gene therapy is 
called in vivo therapy, whereas the treatment 
involving gene therapy in cells and then the 
transplant to the organism is called ex vivo 
therapy. 

* Two main delivery systems exist, the viral and 
the non-viral vectors. The former systems have 
a high efficiency compared to the non-viral 
systems, although their safety profile is lower. 

* There are several strategies to ensure the gene 
therapy expression, persistence, and targeting, 
for example using gene regulation systems. 

* The immune response to gene therapy is also 
an important consideration in clinical trial 
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design and implementation. 

The story of gene therapy is full of advances 
and setbacks; however, there are currently sev- 
eral gene therapy products approved in Europe 
and the USA. 

Several ethical problems arise with gene ther- 
apy, as it became evident in 2018, with the 
claim of the first human embryo gene edit- 
ing procedure with the CRISPR-Cas system. 


Review Questions 


1. Which sentence better defines gene therapy? 


(a) A method to cure genetic disorders 

(b) A method to deliver a gene 

(c) A method to correct a defective gene 

(d) A method to silence the expression of a 
defective gene 

(e) All the previous options 


. Which of the following points is not essential 


in the development of a gene therapy clinical 
trial? 

(a) Delivery system 

(b) Target cell/organ 

(c) Immune response 

(d) Civil status 

(e) Therapy cost 


. To have a successful gene therapy, the healthy 


gene should be inserted in the target cell and: 

(a) Destroy the defective gene 

(b) Produce the correct amount of normal 
protein 

(c) Bind to mRNA molecules in the cell 

(d) Be inserted in the mitochondria 

(e) None of the previous 


. From the following, which is a disadvantage 


of gene therapy? 

(a) Eradicate diseases 

(b) Prevent diseases 

(c) High cost 

(d) Enormous potential 
(e) Correct genetic defects 


. The first clinical trial and the first death caused 


by gene therapy had as a disease target (choose 
the correct answers): 
(a) Adenosine deaminase deficiency 


References and Further Reading 


(b) Severe combined immunodeficiency 
linked to X chromosome 

(c) Leber’s congenital amaurosis 

(d) Ornithine transcarbamylase deficiency 

(e) Lipoprotein lipase deficiency 
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Presently, more than 3400 genes have been 
associated with diseases [1], some of these 
pathologies are debilitating, mortal, and without 
any effective therapeutic options, and this num- 
ber is expected to increase in the next decade as 
genomic studies advance. Gene therapy is a 
therapeutic strategy that seeks to target the 
genes behind the disorders in order to cure 
patients. Thus, this approach holds the promise 
of establishing therapies that treat the causes, 
rather than the symptoms, by manipulating defi- 
cient genes, removing or silencing pathologic 
genes, or adding missing genes. However, these 
ambitious strategies have been hampered by 
several problems, such as the lack of safety and 
efficiency of some of the developed approaches, 
which can be explained by the very nature of 
most gene-manipulating tools. Naked DNA 
plasmids, for example, are rapidly degraded in 
biological fluids, they are unable to efficiently 
cross the cellular membranes and therefore 
reach the target cells and they activate the 
immune system, which is programmed to iden- 
tify and eliminate vehicles containing foreign 
genetic information [2]. Thus, although a large 
number of preclinical and clinical studies have 
been performed using naked nucleic acids, the 
use of delivery vectors yields better results, 
namely because they protect the nucleic acids 
from nuclease degradation and increase intra- 
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cellular delivery. Still, despite the big efforts 
made in the last decades with gene therapy strat- 
egies, very few gene therapy-based drugs or 
therapeutic products have reached the market, 
revealing that much still has to be done in the 
field of vectors for gene therapy. 

In fact, one of the major hurdles to the effica- 
cious clinical application of gene therapy agents 
is the lack of efficient and safe delivery vehicles, 
which have to meet four basic criteria: (1) to pro- 
tect the nucleic acids against degradation by 
nucleases; (11) to deliver the nucleic acids into the 
cytoplasm or nucleus of the target cells; (111) to be 
safe (i.e., trigger low levels of genotoxicity and 
immunogenicity); and (iv) to be economically 
viable (1.e., acceptable costs on a per patient 
basis). Gene therapy vectors are classically orga- 
nized into two major groups, the non-viral and 
the viral vectors. The present chapter is focused 
on the non-viral vectors, which are subdivided 
into two categories: the physical and chemical 
methods. Physical methods (Fig. 2.1, Table 2.1) 
comprehend hydrodynamic delivery, microinjec- 
tion, electroporation, nucleofection, sonopora- 
tion, gene gun, magnetofection, magnetoporation, 
microneedles, etc. Chemical vectors (Fig. 2.2, 
Table 2.2) include the polymeric-based systems, 
the lipid-based systems, metal nanoparticles, 
quantum dots, and graphene-based systems such 
as carbon nanotubes, silica nanoparticles, etc. 
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Fig. 2.1 Physical methods used for delivery of gene 
therapy tools. Different physical methods are available, 
namely, (1) hydrodynamic delivery that uses hydrostatic 
pressure enhancement to enlarge fenestrae and conse- 
quently tissue permeability; (11) microinjection-mediated 
direct transfer of genetic material into the cell interior; 
ii) electroporation and nucleofection, in which genetic 
material transfer is facilitated by electric pulses that cause 
transient pores in the cellular membrane and/or nuclear 
envelope; (iv) sonoporation, whereby delivery is triggered 


2.1 Physical Methods 


2.1.1 Hydrodynamic Delivery 

The hydrodynamic derlivery technique is based 
on the enhancement of the pressure implemented 
in a tissue in order to increase the tissue permea- 
bility. Generally, this is performed through the 
rapid delivery of the nucleic acids in a high solu- 
tion volume into the bloodstream. This rapid 
enhancement of the blood volume leads to a rapid 


by transient cell membrane pores formed by ultrasounds; 
(v) ballistic delivery by accelerated nucleic acid-coated 
submicron metal particles; (vi) magnetofection and 
magnetoporation-mediated gene delivery, based on the 
application of an external magnetic field promoting the 
guiding of the magnetic agent-containing vector to the tar- 
get cells or promoting transient cellular pore formation, 
respectively; and (vii) microneedles used to deliver thera- 
peutic agents across the skin. 


rise in venous or arterial pressure (depending on 
the injection site). This hydrostatic pressure 
increase will enlarge the fenestrae in the blood 
vessels (in the liver sinusoids, for example) and 
cause transient pores formation that result in the 
permeability enhancement of the tissue [3, 4]. 
This technique has been used with success in 
rodents; nevertheless, its application in humans is 
very limited. Regarding hydrodinamyc delivery 
to the liver in particular, the major concerns with 
are the transient elevation of hepatic 
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Table 2.1 Main advantages and disadvantages of physical methods of gene therapy delivery 


Advantages 
Hydrodynamic Simple and efficient transfection 
delivery 
Microinjection Small amount of DNA required 
Electroporation Efficient transfection and fast method 
Nucleofection Efficient in cells that are difficult to 
transfect and fast method 
Ultrasound Noninvasive strategy; can reach deeper 


organs and can be directed to specific 


areas 

Ballistic gene Gene delivery to cells that are difficult to 

delivery/gene transfect 

gun 

Magnetofection | Allows targeted cargo release and 
controlled release over time 

Magnetoporation | Used in cells that are difficult to transfect 
and requires no direct contact of 
electrodes 

Microneedles Small amount of DNA required 


enzymes levels in the bloodstream, temporary 
cardiac dysfunction, high rise of venous pressure, 
and liver congestion caused by the injection of 
the high solution volume [4]. 


2.1.2 Microinjection 


Microinjection consists in the direct transfer of 
genetic material into the cell interior. Generally, a 
glass micropipette with a submicron-sized diame- 
ter tip (less than 0.5 jum) is prefilled with the 
genetic material solution and is introduced into the 
target cell, under observation in a microscope. 

This technique may sound very straightfor- 
ward; however it requires expensive equipment 
and extensive training of the operator, being tech- 
nically very demanding. Additionally, (1) only a 
very small volume can be injected, otherwise 
additional stress can be triggered in the treated 
cells leading to intracellular environment and cell 
membrane disorganization; (11) leakage of intra- 
cellular components at the injection site might 
occur, causing cell death; and (111) the method is 
limited by cell size, being mostly applied to large 
cells, such as oocytes [5, 6]. 


Disadvantages 

Volumes required are too large for human 
application 

Difficult to perform and low performance 


Difficult to apply in vivo: difficulty to access 
target sites with electrodes and can cause tissue 
damage and inflammation 


Can cause high cell death and has a limited 
in vivo application 

Low efficiency of gene transfer and possible 
damaging of target cells 


Limited to a few-millimeter-deep penetration and 
limited to superficial tissues and organs (muscles 
and skin) 

Requires specialized equipment and 
agglomeration of magnetofection reagents may 
occur after the magnetic field is removed 


Can cause cell death 


Difficult to perform and with a low performance 


2.1.3 Electroporation 


Electroporation, also known as electropermeabi- 
lization and electrotransfer, is based on the appli- 
cation of a series of electrical pulses leading to a 
transient disruption of the cell membrane, allow- 
ing the passage of the genetic material into the 
cytosol of the cells. The exact mechanism under- 
lying genetic material transfer into the cells is not 
known. However, it is known that, after employ- 
ing an effective voltage (for in vivo application, 
the voltage is in the order of 200 V/cm), cell 
membrane becomes permeable, which is assumed 
to happen through the formation of hydrophilic 
membrane pores and consequent movement of 
genetic material through these pores as a local 
electrophoretic effect [3, 7]. The optimal duration 
and intensity of the electric pulses are different 
for different cell types and tissues to be trans- 
fected. For example, for skeletal muscle, better 
results come from protocols that first apply a 
pulse of high voltage, which will open membrane 
pores, followed by several low-voltage pulses, 
which will electrophorese the nucleic acids into 
the cells [3]. 
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Fig. 2.2 Chemical methods used for delivery of gene 
therapy tools. Chemical vectors include the polymeric- 
based systems, the lipid-based systems, metal nanoparti- 
cles, quantum dots, carbon nanotubes and silica-based 
nanoparticles. Polymer-based vectors are composed by a 
large number of repeated units bonded together that inter- 
act with the negatively charged nucleic acids, originating 
compact polyplexes that protect nucleic acids. Lipid- 
based systems comprise different delivery agents such as 
cationic lipoplexes formed through electrostatic interac- 
tion between the cationic lipids and negatively charged 
nucleic acids, and Smart/Trojan horse liposomes that can 
evade the immune system through the inclusion of hydro- 
philic polymers and that contain cell-targeting ligands to 
target their cargo to a specific cell population. High- 
density lipoprotein (HDL)-mimicking systems are HDL 
that are artificially prepared in order to efficiently deliver 
nucleic acids. Exosomes are membrane-based vesicles 
secreted by cells that can also be engineered to deliver 
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nucleic acids. Inorganic materials such as metal nanopar- 
ticles, quantum dots, carbon nanotubes, and silica-based 
systems also promote efficient delivery of nucleic acids. 
Metal nanoparticles made up of noble metals such as gold 
and silver can be biofunctionalized and applied under spe- 
cific conditions such as events triggered by light. Quantum 
dots are semiconductor crystals used as fluorescence 
probes to which it is possible to conjugate nucleic acids 
and a targeting ligand allowing the combination of the 
fluorophore properties and delivery functions in one sys- 
tem. Carbon nanotubes are made up of one or more sheets 
of graphene with cylindrical shape that form stable com- 
plexes with nucleic acids and to which it is possible to 
attach biomolecules to target them to a specific cell popu- 
lation and/or fluorescent probes to track them. Silica- 
based systems are silicon dioxide (SiO, silica)-based 
nanoparticles that can be functionalized through the intro- 
duction of cationic components (polymers, lipids, etc.) 
that will complex the negatively charged nucleic acids. 
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Table 2.2 Main advantages and disadvantages of polymer- and lipid-based systems of gene therapy delivery. 


Lipoplexes/ 
polyplexes 


Smart liposomes 


High-density 


Advantages 

High transfection levels; possibility of choice 
of ideal lipids/polymers depending on 
administration route and targeted cells; large 
nucleic acid cargo capacity; easy to 
manufacture and low cost 

Functionalization leading to cell targeting and 
reduced interaction with plasmatic proteins 
Biodegradable, do not trigger immune 


Disadvantages 


Interaction with plasmatic proteins 
can reduce half-life time and 
cause embolism 


More complex and expensive production 


More complex and expensive production 
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Heterogeneity between batches related to 


lipoprotein reactions, and are less captured and removed 
(HDL)-mimicking from blood circulation by the 

systems reticuloendothelial system 

Microvesicles- Biodegradable, do not trigger immune 
exosomes reactions 


This technique has been used with success for 
in vitro delivery of nucleic acids, as well as in 
some in vivo applications, such as for solid 
tumors in the skin and liver. The major limita- 
tions of this technique are the substantial cellular 
damage and consequent cytotoxicity that is trig- 
gered, as well as the limited in vivo application to 
local regions [7]. 


2.1.4 Nucleofection 


Nucleofection technology is based on the same 
physical principles as electroporation; an electri- 
cal pulse is applied to the cells in order to open 
membrane pores through which the genetic 
material is internalized. However, in this method 
the exogenous material is directly delivered to 
the nucleus, being, therefore, a method used for 
cells that are more difficult to transfect. 
Moreover, the combination of the electric pulse 
with specific buffers significantly improves the 
outcomes. 

This methodology requires a low cell number, 
can be performed within minutes, and is very 
efficient in delivering the nucleic acids. On the 
other hand, in some cell types this method can 
trigger a high mortality [8—10]. 


size and composition (namely with respect 
to lipid, protein, and noncoding RNA 
content); poor pharmacokinetic profile in a 
systemic admnistration 


2.1.5 Ultrasound and Sonoporation 


Ultrasound is a mechanical vibration with a fre- 
quency above human audible range (20 kHz) that 
can be applied for nucleic acid delivery purposes. 
Ultrasound's main action mechanism is the cavi- 
tation phenomenon. Cavitation is the process of 
formation and subsequent collapse of low- 
pressure voids (bubbles) driven by an acoustic 
field. These bubbles oscillate, grow, and implode 
releasing energy. The bubbles collapse causes 
sonoporation and local temperature and pressure 
rise. Sonoporation is the transient permeabiliza- 
tion (caused by pores formation) of the plasma 
membrane mediated by ultrasounds, which 
allows the transfer of nucleic acids into the cells 
[3, 11]. 

Microbubbles and some nucleation agents, 
such as ultrasound contrast agents, have been 
used to enhance the cavitation process, conse- 
quently increasing membrane permeabilization 
and leading to an improved gene transfer. 
Microbubbles are small bubbles («10 um) made 
of water-insoluble gas encapsulated in a biocom- 
patible material that when irradiated by 
ultrasounds oscillate, generating enough fluid 
flow (microflow) in the vicinity of the membranes 
to cause sonoporation [3, 11 ]. 
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Ultrasound-mediated gene delivery is a nonin- 
vasive strategy that can reach deeper organs and 
can be directed to a specific area. 


2.1.6 Ballistic Gene Delivery/ 
Gene Gun 


Ballistic gene delivery (or gene gun) is based on 
the bombardment of tissues by accelerated 
nucleic acid-coated particles. These submicron- 
sized particles, usually gold particles, are first 
covered with the nucleic acids to be delivered to 
the cells and then they are accelerated in order to 
penetrate through the cell membrane, delivering 
their cargo into the cytosol [3, 5]. Several sys- 
tems for the particles acceleration are available; 
however, most of the devices use gas shock, pro- 
duced either by a chemical explosion or a dis- 
charge of pressurized gas [5]. 

This strategy allows the delivery of genetic 
material to a large surface and is also very use- 
ful in the case of cells that are difficult to trans- 
fect, such as plant cells. In fact, the gene gun 
was originally developed to transform plants 
[12] that, given the rigidity of their cell wall, 
are more difficult to penetrate at the cellular 
level and to be genetically manipulated. 
Although this is an interesting dellivery strat- 
egy, the technology has the disadvantage of 
being limited to a few-millimeter-deep penetra- 
tion and therefore is restricted to a more local- 
ized intervention [3]. 


2.1.7 Magnetofection 
and Magnetoporation 


These delivery approaches are based on the appli- 
cation of an external magnetic field, which will 
promote the atomic dipole alignment of the mate- 
rial with the field, causing a magnetic moment 
within the material and its magnetization. 
Magnetofection, also known as magnetic 
transfection, is based on the incorporation of a 
magnetic agent in the vector, in order to deliver 
the nucleic acids under the influence of a mag- 
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netic field. A magnetic compound can be trans- 
ported | across the bloodstream | and be 
concentrated in a particular organ of the body. 
Additionally, the cargo release can be controlled 
over time with the guidance of the magnetic 
field. The major advantage of this strategy is the 
enhancement of the accumulation of nucleic 
acids at a specific site, which, for example, 
works well for solid tumor masses. However, in 
a situation that requires spreading of the thera- 
peutic agent, such as metastatic, highly invasive, 
and infiltrative cancers, 1n which the cells are not 
accessible to a magnet, this technique has lim- 
ited application [13, 14]. 

The method of magnetoporation is also based 
on the use of magnetic fields to deliver nucleic 
acids; in this case the field is used to promote the 
formation of transient pores in the cellular mem- 
branes, through which the nucleic acids cross 
to the cell interior. This is possible because mag- 
netic fields change the transmembrane potential 
of cells and, above a certain threshold, an 
increased transmembrane potential can trigger 
electroporation. The advantages of magnetopora- 
tion, as compared to electroporation, are as fol- 
lows: (1) it requires no direct contact of electrodes 
with the material to be permeabilized, being, 
therefore, noninvasive (*needle-less"); (ii) it is 
easier and faster to apply; (111) it is less expensive 
because it requires no disposables; and (iv) it has 
a bigger tissue penetration capacity, allowing 
access to anatomical areas unreachable by elec- 
troporation [14, 15]. 


2.1.8 Microneedles 


The use of microneedles to deliver therapeutic 
agents across the skin can be applied for DNA 
vaccine administration and to the delivery of 
nucleic acids in several skin pathologies, such 
as cutaneous cancers, wounds and hyperprolif- 
erative disorders. This delivery strategy pro- 
vides means to overcome the skin barriers and 
to deliver the therapeutic agents directly into the 
dermal layers, allowing both localized and sys- 
temic delivery and avoiding the first-pass 
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metabolism in the liver. The length of the 
micron-sized needles, placed in the surface of a 
solid support like silicon, is designed to pene- 
trate the subcutaneous layer, creating micron- 
sized channels through the skin that allow the 
localized deposit of large molecular weight 
molecules, without causing bleeding or pain and 
without reaching nerve fibers and blood vessels 
in the dermis [16, 17]. 


2.2 Chemical Systems 


2.2.1 Polymer-Based Nanocarriers 
Polymers are, by definition, substances whose 
molecular structures are composed of a large 
number of repeated units bonded together. 
Moreover, polymeric systems can be subdivided 
into two groups: (a) natural polymers, such as 
the polysaccharide chitosan, proteins, and pep- 
tides, and (b) synthetic polymers, such as cyclo- 
dextrins and poly(ethylenimine) [18]. 

Synthetic cationic polymers constitute the 
polymeric vehicles that are most often used in 
gene therapy. This is explained by their interac- 
tion with the negatively charged nucleic acids, 
originating polyplexes (designation for the com- 
plex formed by a polymer and the nucleic acid) 
capable of protecting the cargo and enabling its 
intracellular delivery [18, 19]. There are several 
natural and synthetic polymers used in gene 
delivery, such as chitosan, f-cyclodextrin, 
poly(L-lysine), poly(ethylenimine), dextran, and 
dendrimers [20, 21]. Additionally, these poly- 
mers can be engineered in order to improve their 
delivery efficiency, namely by adding cell- 
targeting ligands, like transferrin or epidermal 
growth factor (EGF), that will increase cellular 
internalization, or by adding shielding reagents, 
such as polyethylene glycol (PEG), that will 
increase the bloodstream circulation times, 
enhancing the amount of circulating delivery 
vectors and consequently gene-modifying tools 
that reach the target cells [22]. Some of these 
polymers are commercially available in ready-to- 
use polyfection (gene therapy transfer using a 
polymer) reagents. 
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2.2.2 Lipid-Based Systems 


Presently, there are three main lipid-based vehi- 
cles used for gene therapy: (a) liposomes, (b) 
high-density lipoprotein (HDL)-mimicking sys- 
tems, and (c) microvesicular systems (which 
include exosomes). Therefore, the pharmacologi- 
cal effect of the nucleic acids carried in these sys- 
tems is a function of the pharmacokinetic, 
biodistribution, and drug release characteristics 
of those carriers. 


Liposomes 

Liposomes are micro- or nanoparticles composed 
of one or more lipid bilayers, with an aqueous 
core. These particles can be formed through a 
self-assembly process after addition of an etha- 
nolic solution of lipids to an aqueous solution of 
nucleic acids. These vehicles were introduced as 
drug delivery agents in the 1970s [23] and have 
been adapted for nucleic acid delivery; their effi- 
ciency as delivery tools is dependent on physico- 
chemical characteristics, such as lipid 
composition, size, net charge, loading efficiency, 
and stability [18, 23, 24]. There are different 
types of liposomes, with different physicochemi- 
cal characteristics and consequently more appro- 
priate for different applications; some examples 
are (a) cationic liposomes and (b) "Smart /Trojan 
horse liposomes. 


Cationic Liposomes 

Cationic liposomes have a net positive charge 
and thus spontaneously associate with negatively 
charged nucleic acids through electrostatic inter- 
actions. This results in the entrapment of the 
large nucleic acid molecules into smaller lipo- 
plex (designation for the complexes made up of 
liposomes and nucleic acids) particles [18, 25]. 
Cationic liposomes successfully mediate nucleic 
acids delivery in vitro because they can be for- 
mulated so as to exhibit a net positive charge, 
which triggers their association with the nega- 
tively charged cell membranes. Additionally, 
they possess fusogenic properties, increasing the 
escape of the carried nucleic acid molecules 
trapped in the endosomes, upon internalization, 
into the cytosol (endosomal escape), thus signifi- 
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cantly decreasing their lysosomal degradation 
[19,23 25]. 

Since 1987, when Felgner and collaborators 
used cationic liposomes for the first time for gene 
therapy applications [27], many different cationic 
lipids have been synthesized and used for nucleic 
acid delivery purposes. Cationic lipids are com- 
posed of a positively charged polar head group, a 
hydrophobic region, and a linker connecting the 
polar and the non-polar group. These domains 
play an important role on the transfection ability 
and on the toxicity of the resulting lipoplexes. 
For example, the cationic head group, which will 
complex the negatively charged nucleic acid, is 
composed of either single or multiple groups of 
primary, secondary, tertiary, or quaternary amines 
or guanidine or imidazole groups. The liposomes 
made with multivalent lipids condense and pro- 
tect the nucleic acids more efficiently than mon- 
ovalent lipids [28, 29]. However, increasing the 
net positive charge may result in a lipid-nucleic 
acid interaction so strong that it reduces complex 
dissociation, consequently decreasing the effi- 
ciency of the nucleic acid release to the cytosol. 
Additionally, multivalent cationic lipids are more 
prone to form micelles, which compromise the 
liposomal/lipoplexes stability and also lead to 
higher toxicity of the resulting complexes. 
Cytotoxicity is also dependent on the stability 
and biodegradability of the lipid used to form the 
liposomes; thus lipids with strong linkages are 
normally more toxic [29, 30] because they are 
more difficult to be metabolized. One example of 
such lipids is the dioleoyloxypropyl (trimethyl- 
ammonium) chloride (DOTMA), which has ether 
linkages and is more toxic than lipids with more 
labile ester linkages such as 1,2-dioleoyl-3 (tri- 
methylammonium) propane (DOTAP) [18]. 

The main advantages of positively charged 
lipoplexes as compared to more complex sys- 
tems, such as Smart/Trojan horse liposomes, are 
(1) the high efficiency in delivering nucleic acids 
in vitro; (i1) having no restrictions on the size of 
the nucleic acid to be delivered; (111) their sim- 
plicity, given that these lipoplexes are easier to 
manufacture; (iv) the lower costs associated with 
these systems; and (v) some of them being com- 
mercially available [18]. Concerning the draw- 
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backs, one of their major limitations is that, 
generally, they cannot be considered for in vivo 
applications through intravenous administration. 
This is explained by their cytotoxicity, instability, 
tendency to aggregate (which can lead to micro- 
emboli and tissue ischemia occurrences), and 
poor biodistribution (poor distribution through 
the organism, which will not enable the therapeu- 
tic compounds to reach their molecular and cel- 
lular targets) [25, 29-31]. This in vivo limitation 
extends to an inefficient in vivo transfection, also 
caused by the interaction of the positively charged 
lipoplexes with blood components, such as serum 
proteins, which decrease the availability of lipo- 
plexes that reach and transfect the target cells. At 
the same time, this triggers lipoplex destabiliza- 
tion through modification of the lipoplex surface 
size and charge. These charge and size changes 
enhance lipoplex accumulation in the lungs, liver, 
and spleen, which is also a cause of the poor bio- 
distribution of these particles. Opsonization (acti- 
vation of the complement system, which activates 
phagocytosis and an inflammatory response) of 
positively charged lipoplexes with plasma pro- 
teins and lipoproteins, such as albumin and high- 
density lipoprotein (HDL), causes their rapid 
plasmatic clearance by the mononuclear phago- 
cyte system (MPS) players, the phagocytic cells 
[18, 25, 30, 31]. Thus, lipoplexes are efficient 
in vitro nucleic acid delivery tools; however, they 
have important in vivo limitations, and conse- 
quently new lipid-based delivery systems have 
been developed to overcome the in vivo biodistri- 
bution limitations of the lipoplexes. 

A successful example of lipoplexes used as 
drug vehicles for clinical practice is the recently 
approved patisiran (Onpattro™), developed by 
Alnylam Pharmaceuticals [32]. This drug was 
approved for the treatment of hereditary 
transthyretin-mediated (hATTR) amyloidosis 
(hATTR amyloidosis) in adults with stage 1 or 
stage 2 polyneuropathy and 1s the first ever RNAi 
therapeutic approved in the EU. Onpattro acts by 
specifically downregulating the transthyretin 
(TTR) messenger RNA (via RNA interference 
with siRNA) and subsequently leading to a reduc- 
tion in serum TTR protein levels and tissue TTR 
protein deposits, which are associated with the 
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pathology. The siRNA molecules are complexed 
in lipoplexes and delivered intravenously to the 
liver, the primary place of TTR protein produc- 
tion. Patisiran significantly improves multiple 
clinical manifestations of these patients [32-34]. 


Smart/Trojan Horse Liposomes 

The ideal lipid-based systems for nucleic acids 
and drug delivery would consist in (1) long- 
circulating liposomes with extended permanence 
in the bloodstream and (11) with the capability to 
specifically target the cells/organs to be treated. 
This would (1) increase their ability to reach the 
target cells in therapeutic doses and (11) decrease 
the secondary effects caused by the delivery of 
therapeutic agents to healthy cells. 

Long-circulating liposomes are frequently 
called “Stealth” or “Trojan horse” liposomes, 
given their ability to evade the immune system and 
remain in the bloodstream for longer periods. The 
most frequent strategy used to increase the perma- 
nence of liposomes in the bloodstream is through 
the modification of the liposomes’ surface by 
introducing hydrophilic polymers, such as 
PEG. The incorporation of PEG in the particle sur- 
face will sterically prevent the interaction and 
binding of blood components (like the comple- 
ment system elements) to the liposome surface, 
preventing its opsonization and removal from the 
bloodstream by the reticuloendothelial system. 
Other polymers have also been used to prolong 
blood circulation times such as poly(acrylamide), 
poly(vinylpyrrolidone), poly(acryloylmorpholine), 
poly(2-ethyl-2-oxazoline), poly(2-methyloxazo- 
line), phosphatidyl polyglycerols, polyvinyl alco- 
hols, and others [18, 35, 36]. 

Smart liposomes are characterized by their 
ability to deliver their cargo to a specific cell pop- 
ulation or under the influence of a specific stimu- 
lus. Targeting nanocarriers to a specific cell 
population is often carried out with the aid of 
specific ligands that are incorporated into the 
nanocarrier surface. These ligands specifically 
recognize and interact with certain cell surface 
components allowing the cargo to be selectively 
delivered to those cells. One example of such 
ligands is the transferrin (Trf) protein, given that 
the Trf receptor is overexpressed in cancer cells, 
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allowing, therefore, the preferential delivery of 
the Trf-targeted nanocarriers to cancer cells [35— 
38]. Stimulus-sensitive liposomes deliver their 
cargo after the influence of a specific stimulus. 
There are several stimuli able to destabilize lipo- 
somes and promote the release of their content. 
These stimuli can be endogenous factors such as 
pH and redox conditions, or exogenous factors 
such as magnetic fields, ultrasound, and light. 
Temperature can either be an endogenous or 
exogenous stimulus. Thus, different controlled 
release liposomal-based systems can be formu- 
lated in order to specifically respond and deliver 
their content upon stimulation. 

Some stimuli allow the distinction between 
normal and pathological tissues; one example of 
these endogenous factors is the intratumoral pH 
value that in solid tumors is significantly lower 
(approximately 6.5). Thus, pH-sensitive lipo- 
somes that are destabilized below pH 7.4 will 
allow specific cargo delivery to cancer cells. 
Additionally, tumors are also characterized by a 
local temperature rise. Thus, thermosensitive 
liposomes can be designed in order to maintain 
their cargo at the physiological temperature of 
37 °C and release their cargo at temperatures 
higher than 40—45 °C [35, 39]. 

Exogenous stimuli can be applied from the 
outside in the local to be treated in order to trig- 
ger the release of the liposomal content. These 
carriers have an on-off drug release because the 
structure (lipid bilayer) is affected when stimu- 
lated and this allows achieving a temporal and 
spatial controlled release of its cargo [35, 39]. 


High-Density Lipoprotein (HDL)-Mimicking 
Systems 

High-density lipoproteins (HDL) are a group 
of lipoproteins including chylomicrons, very 
low-density lipoproteins (VLDL), and the low- 
density lipoproteins (LDL). Lipoproteins are 
spherical particles composed of a hydrophobic 
core comprising triglycerides and cholesteryl 
esters covered by a shell of apolipoproteins, 
esterified cholesterol, and phospholipids. The 
different classes of lipoproteins differ in their 
size, lipid and apolipoprotein composition, and in 
their specific functions. Generically, lipoproteins 
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are responsible for the transport of lipids in blood 
circulation, targeting different cell types through 
specific cellular receptors [40]. 

Endogenous HDL are nanoparticles with 
6-13 nm in diameter, composed of apolipopro- 
teins and lipids, with a density of 1.063—1.210 g/ 
mL that function has a transport system [41, 42] 
for hydrophobic molecules such as cholesterol. 
The most abundant apolipoprotein in HDL is apo- 
lipoprotein A-1 (Apo A1), representing 70% of 
the protein content, and is essentially responsible 
for supporting the size and shape of these lipopro- 
teins. The major role of HDL 1s to transport cho- 
lesterol from the peripheral tissues to the liver for 
catabolism in the process of reverse cholesterol 
transportation. However, HDL are associated with 
other activities, namely the transportation of 
miRNA, carotenoids, vitamins, and hormones; 
they are also associated with antioxidative, anti- 
inflammatory, anti-apoptotic, anti-atherogenic, 
and immunogenic activities. Additionally, HDL 
have been related to a positive influence on the 
regulation of glucose homeostasis [40—43]. As 
these particles are endogenous, they are biode- 
gradable, do not trigger immune reactions, and 
are not captured and removed from circulation by 
the reticuloendothelial system [40], features that 
make them very promising delivery systems. 

SR-B1 is the natural receptor for HDL; this 
receptor has the highest expression in the liver, 
which is the main target organ of HDL. Therefore, 
many of the HDL-based systems developed so far 
have been formulated to target the liver. However, 
SR-B1 can also be found in adrenal gland, ovar- 
ian, and placental tissues [42]; additionally, it has 
been reported that this receptor is also highly 
expressed in some cancers, such as prostate, 
breast, colorectal, ovarian, and nasopharyngeal 
cancer, which is explained by the requirement 
of high cholesterol levels on the part of the highly 
proliferating cancer cells. Thus, HDL can also be 
formulated to deliver anti-cancer drugs [42]; 
however, in this particular case, the use of HDL 
to deliver toxic anti-cancer drugs may trigger 
substantial hepatotoxicity caused by the accumu- 
lation of the drug in the liver, mediated by the 
natural delivery of HDL to this organ. One way to 
overcome this problem is to modify the HDL in 
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order to add additional targeting ligands mediat- 
ing cell-specific cargo delivery to its surface, 
such as folic acid and targeting antibodies, like 
the CD20 antibody that targets B-cell lymphoma 
cells [42, 44]. 

To deliver the negatively charged nucleic acids 
with HDL it is necessary to introduce in the for- 
mulation cationic lipids, suchas N, N-dimethyl-N, 
N-dioctadecylammonium bromide (DDAB), 
which will form complexes with the genetic 
material, allowing its incorporation in these par- 
ticles. Thus, HDL can be artificially prepared in 
order to efficiently deliver nucleic acids [44—46] 
to a specific cell population evading the reticulo- 
endothelial system and promoting no immune 
reaction. 


Microvesicles-Exosomes 

Exosomes are membrane-based vesicles with 
40—100 nm that belong to the group of extracel- 
lular vesicles, which also include microvesicles 
and apoptotic bodies. These vesicles are pro- 
duced by almost all types of cells, being released 
to the extracellular space with the purpose of act- 
ing as intercellular communication vectors pro- 
moting the transport of different molecules 
between different cells at big distances. The 
cargo content and the membrane composition of 
exosomes are dependent on the cells of origin 
and their current state, namely on their differen- 
tiation stage and stress. Thus, in addition to their 
potential use as transport vehicles, exosomes also 
hold the potential of being implemented in clini- 
cal practice as disease's biomarkers. In fact, exo- 
somes are enriched in particular proteins, RNAs, 
and lipids. Some of these are used as exosomal 
markers, enabling the confirmation of exosome 
preparation/isolation. These include the Alix, flo- 
tillin, TSG101, and CD63 proteins and raft lipids 
such as cholesterol, ceramide, and glycerophos- 
pholipids with long and saturated fatty acyl 
chains [47—49]. Other proteins have been used as 
biomarkers; for example, it is known that, in 
Parkinson’s disease, exosomes act as spreading 
vehicles of the disease, performing the transport 
of a-synuclein from diseased cells to healthy 
cells [50]. Thus, the presence of this protein in 
exosomes is an indication of the disease. 


2.2 Chemical Systems 


Because exosomes are vesicles naturally pro- 
duced by cells and their size allows a reasonable 
cargo transport between cells, exploring these 
vesicles as drug and nucleic acid delivery agents 
is logical. However, these vesicles still have sev- 
eral drawbacks, in particular the heterogeneity 
between batches and within the same sample, as 
different subspecies exist among exosomes iso- 
lated from the same batch of cells. The differ- 
ences are related to size and composition, namely 
with respect to lipid, protein, and noncoding 
RNA content. As most of the identified noncod- 
ing RNAs in exosomes have unknown biological 
functions, and therefore the full impact of these 
molecules in the target cells is unknown, there is 
also a risk of triggering unpredictable secondary 
molecular effects. Additionally, in a systemic 
administration, exosomes have a poor pharmaco- 
kinetic profile, because they are captured in the 
liver, spleen, and lungs [47, 48]. 


2.2.3 Inorganic Materials 

Many inorganic compounds (Table 2.3) have 
been used to make inorganic nanoparticles, which 
have different physical and chemical characteris- 
tics and capabilities depending on their composi- 
tion. The most often used inorganic materials are 
magnetic compounds such as iron oxides, previ- 
ously described in the magnetofection section, 
metal nanoparticles, quantum dots, graphene- 
based systems such as carbon nanotubes, and 
silica nanoparticles. The advantages of these 
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inorganic-based delivery systems are their easy 
functionalization, low cytotoxicity, and high bio- 
compatibility [51 ]. 


Metal Nanoparticles 

Metal nanoparticles have been used as gene 
delivery vectors and noble metals such as gold 
and silver are some of the materials that are com- 
monly used in their composition. These metals 
have characteristic surface plasmon resonance 
[52, 53] that allows specific sensoring; addition- 
ally, their surface is easy to be biofunctionalized 
and to be applied in specific applications such as 
light-based triggered events [51]. The major 
advantages of these systems are that they are easy 
to synthesize, they have a well-defined composi- 
tion and good biocompatibility profile, and they 
are easy to track upon administration using tech- 
niques such as fluorescence resonance energy 
transfer (FRET) [54]. 


Quantum Dots 

Quantum dots (QD) are semiconductor crystals 
with sizes ranging from 1 to 20 nm [51, 54]; these 
systems are clusters of hundreds to thousands of 
atoms arranged in binary (e.g., CdSe, GaAs, 
InAs, SiC) or ternary compounds (e.g., InGaN, 
InGaP, InGaAs) [55]. QDs are used as fluores- 
cence probes and have several advantages as 
compared to organic fluorophores, such as high 
brightness, longer fluorescence lifetime, and bet- 
ter photostability [51, 54]. These systems can be 
engineered in order to become very efficient bio- 
sensing platforms with high specificity and 


Table 2.3 Main advantages and disadvantages of inorganic materials used in gene therapy delivery 


Disadvantages 
Require specialized equipment 


Advantages 
Metal Easy to synthesize; well-defined composition; good 
nanoparticles | biocompatibility; easy to track upon administration 


Quantum dots 


High specificity and sensitivity of tracking; can be 


Complex production 


functionalized to specific intracellular delivery of nucleic 


acids 
Carbon Small size; chemical inertness; high drug capacity; 
nanotubes controlled drug release ability 


Silica-based 
systems 


Good drug loading capacity; can be functionalized to have 
increase circulating times, targeting properties, and cellular 


Complex production; poor solubility 
in aqueous solutions, reducing the 
applications in biological systems 
Could lead to hemolysis and 
metabolic deregulation 


uptake; good storage stability; low toxicity; unexpensive 


and easy preparation in large amounts 
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sensitivity used in bioimaging to detect specific 
targets such as nucleic acids [55]. Additionally, 
they can be designed for gene delivery purposes; 
the classical approach is the conjugation of the 
nucleic acids and a targeting ligand on the sur- 
face of the quantum dot core. This will combine 
in one system the fluorophore properties and the 
therapeutic functions (theranostics) [56], allow- 
ing, for example, the tracking of the intracellular 
delivery of the nucleic acids [54, 55] mediated by 
these systems. 


Carbon Nanotubes 

Carbon nanotubes are made up of one or more 
sheets of graphene with cylindrical shape. This 
system can be formulated as (1) multiwalled car- 
bon nanotubes, exhibiting two or more cylindri- 
cal graphene sheets centrically arranged and 
displaying 4—30 nm of diameter, or as (i1) single- 
walled carbon nanotubes, composed of a single 
graphene sheet, having 0.4—3 nm of diameter [51, 
54]. The small size, chemical inertness, high drug 
loading capacity and controlled drug release abil- 
ity are some of the biggest advantages of this sys- 
tem. Additionally, it is also possible to attach 
biomolecules and fluorescent probes to the car- 
bon nanotubes, improving their delivery proper- 
ties and enabling the study of the cellular delivery 
process [54, 57]. Moreover, carbon nanotubes 
can form stable complexes with nucleic acids 
mediating their efficient delivery. However, the 
poor solubility in aqueous solutions reduces the 
applications in biological systems [51]. 


Silica-Based Systems 

Silicon dioxide (S1O;), or silica, nanoparticles 
have been widely used to deliver nucleic acids, 
drugs, and dyes. These particles can be modified 
in order to manipulate their size, shape, and 
porosity; it is also possible to functionalize their 
surface through the conjugation of several mole- 
cules such as targeting ligands and polymers that 
confer stealth properties. Thus, it is possible to 
modify them in order to obtain nanoparticles 
with long circulating times, favorable targeting 
properties, good drug loading capacity, ade- 
quate cellular uptake profiles and low toxicity. 
Additionally, these systems have good storage 
stability and are cheap and of easy preparation in 
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large quantity [53, 54, 58]. Nevertheless, proba- 
bly the most attractive property of these systems 
is the ability to store and release a big variety of 
drugs and to provide a big surface to store the 
drugs and nucleic acids, allowing the incorpora- 
tion of hydrophilic and hydrophobic molecules; 
the latter are particularly difficult to be delivered 
by other systems [53]. 

A classical surface modification that is made to 
silica nanoparticles is the introduction of cationic 
components (such as PEI, dendrimers, and cat- 
ionic lipids), which will complex the negatively 
charged nucleic acids; the genetic material will, 
therefore, be adsorbed at the nanoparticle surface 
and, consequently, will not be totally protected 
from nucleases. This problem was overcome by 
the design of silica nanoparticles with bigger 
pores (>15 nm) whose surface was functionalized 
in order to introduce positively charged primary 
amine groups, providing a large loading capacity 
and nuclease protection [59]. The loading capa- 
bility is a function of the roughness, pore size, and 
the nature of the surface functionalization; accord- 
ingly, thiol-modified particles, followed by mixed 
thiol- and amino-functionalized silica nanoparti- 
cles, have the highest loading ability. 

Besides the incorporation of targeting ligands, 
it is also possible to functionalize silica-based 
systems in order to obtain nanoparticles respond- 
ing to pH, redox changes, and external stimuli, 
such as near-infrared light, which can be used in 
the development of less invasive diagnose meth- 
ods [58].The major disadvantages of silica-based 
nanoparticles are (i) the observed hemolysis 
caused by its interaction with the surface of the 
phospholipids of the red blood cell membranes 
and (11) the induction of metabolic changes result- 
ing in melanoma [60-62]. 


This Chapter in a Nutshell 


* Gene-manipulating tools such as siRNA or 
DNA have a very limited bioavailability, 
because they are degraded by nucleases, do 
not efficiently cross cell membranes, and are 
eliminated from the bloodstream. 

* For the clinical implementation of gene ther- 
apy, the development of vectors that efficiently 


Review Questions 


and safely deliver the nucleic acids is required. 

* Non-viral vectors are promising gene therapy 
vectors, which have been extensively engineered 
and investigated. They are simple, safe, easy to 
produce and economically viable systems. 

e Nevertheless, these vectors have limited effi- 
ciency and due to their transient expression 
they are not suitable for some gene therapy 
applications. 

* Non-viral vectors can be broadly divided in 
two main categories: physical methods and 
chemical systems. 

* The physical methods rely on physical phe- 
nomena to counteract the membrane barrier of 
the cells, thus facilitating intracellular deliv- 
ery of the genetic material. 

* The chemical systems are based on the combi- 
nation of nucleic acids to other chemical mol- 
ecules to overcome extra- and intracellular 
barriers to gene delivery. 


Review Questions 


1. Alix, flotillin, TSG101, and CD63 proteins 
are: 

(a) Markers used to identify high-density 
lipoprotein-mimicking systems 

(b) Markers used to identify microvesicles 
such as exosomes 

(c) Markers used to identify high-density 
lipoprotein-mimicking systems and 
microvesicles such as exosomes 

(d) Used to confer stealth properties to “smart 
liposomes" 

(e) None of the above 

2. Polyethylene glycol (PEG) is: 

(a) A hydrophilic polymer used as a shielding 
reagent in polymer-based and lipid-based 
systems 

(b) Added to the formulation with the pur- 
pose of promoting cellular targeting 

(c) Added to the formulation with the pur- 
pose of decreasing the bloodstream circu- 
lation times 

(d) A steric promoter of the interaction and 
binding of blood components (like the 
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complement system elements) to the vec- 
tor surface 
(e) None of the above 


. Examples of “smart liposomes" are: 


(a) Liposomes able to deliver their cargo to a 
specific cell population 

(b) Liposomes able to deliver their cargo 
under the influence of a specific stimulus 

(c) Liposomes incorporating ligands that spe- 
cifically recognize and interact with cer- 
tain cell surface components allowing the 
cargo to be selectively delivered 

(d) Liposomes taking advantage of specific 
differentiating conditions such as endog- 
enous pH levels and the redox environ- 
ment or exogenous factors such as 
magnetic fields, ultrasound, and light to 
deliver their cargo 

(e) All of the above 

(f) None of the above 


. There are several physical methods used to 


deliver nucleic acids, such as: 

(a) Hydrodynamic delivery, in which hydro- 
static pressure rise will enlarge the fenes- 
trae enabling the delivery 

(b) Microinjection, which is a very straight- 
forward method applied to normal-sized 
cells 

(c) Electroporation and nucleofection, that 
are based on the use of an electric pulse to 
open transient pores in the cell membrane 
and nuclear membrane, respectively 

(d) All of the above 

(e) Answers (a) and (c) are correct 

(f) None of the above 


. Many inorganic compounds have been used to 


make inorganic nanoparticles, including: 

(a) Quantum dots, that commonly include 
noble metals such as gold and silver in 
their composition 

(b) Single-walled carbon nanotubes, com- 
posed of a single graphene sheet, having 
0.4—3 nm of diameter 

(c) Silica-based systems, that are made up of 
silica (SiOs) and that can be used to 
deliver nucleic acids, drugs, and dyes 

(d) All of the above 

(e) None of the above 
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The selection of the delivery system is one of the 
most critical points for the success (and safety) of 
gene therapy. First, the chosen vector must 
ensure that the gene is delivered to the correct tar- 
get cells, or at least predominantly to those cells. 
Second, the introduced transgene has to be acti- 
vated, that is, it must go to the nucleus, be tran- 
scribed, and then translated. In a one-time cure 
setting, ideally the transgene should be integrated 
into the host genome or endure episomally, ensur- 
ing a long-term persistent expression. The ideal 
delivery system should meet several criteria, 
including (1) a good safety profile; (11) easy pro- 
duction; (111) good stability in target cells, and 
(iv) a high transgene capacity. As mentioned, the 
delivery systems can be roughly divided into two 
main categories: non-viral and viral systems. The 
non-viral methods were described in the previous 
chapter, whereas in this chapter the viral vectors 
used in gene therapy will be explained. 

Viruses have evolved for millions of years, 
aiming to efficiently introduce and replicate their 
genetic material in host cells. Taking advantage 
of this feature, gene therapy developed tools and 
procedures to engineer viruses and their genomes, 
in order to artificially deliver nucleic acids. In 
fact, the main advantage of viral-based systems 
for gene therapy is their high efficiency in deliv- 
ering transgenes, surpassing anatomical and cel- 
lular barriers. For this reasons, viral vectors have 
been broadly used since the first gene therapy 
clinical trial in 1990. Data from The Journal of 
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| Check for 
| updates 


Gene Medicine highlights that until November 
2017 around 68% of gene therapy clinical trials 
worldwide used viral vectors as a delivery system 
(Fig. 3.1) [1]. Recently, viral vectors became 
more than a promise in gene therapy with the 
approval of several gene therapy products using 
these delivery vectors (see Chap. 1 for a list of 
currently approved gene therapy products). 
Moreover, several other products using viral sys- 
tems are in the final stages of clinical trial devel- 
opment [2], highlighting that new products could 
be approved in the next years. This broad use also 
emphasizes that viral vectors are now consid- 
ered safe for human use, despite their natural 
infectious profile. 

Nevertheless, the safety issues were and still 
are major concern in the development and use of 
viral vectors. For that, several engineering solu- 
tions were developed trying to enhance viral vec- 
tors’ safety, without compromising their 
efficiency, such as (1) avoiding their replication; 
(11) promoting their inactivation; and (111) attenuat- 
ing their natural toxicity. Besides their efficiency, 
another important advantage of viral vectors is the 
wide range of existing viruses, which have differ- 
ent features, like the type of genetic material, 
natural tropism, and size, which provide an enor- 
mous offer of systems for gene delivery. On the 
other hand, besides their safety concerns in gene 
therapy, viral vectors also have other disadvan- 
tages, such as their limited cloning capacity 
(Table 3.1).Several criteria are used to classify 
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Fig. 3.1 Vectors used in gene therapy clinical trials until 2017, at which time viral vectors accounted for 68% of all 


vectors used in these studies. 


Table 3.1 Main advantages and disadvantages of viral 
vectors used in gene therapy. 


Advantages Disadvantages 

Potential for immune and/or 
inflammatory response 
triggering 


Limited cloning capacity 


High efficiency in 
gene transfer both in 
vitro and in vivo 
Long-term persistence 
(in some cases) 

Broad cell targets Complex production 
Broad range of 
viruses to use 


Limited tropism to certain 
types of cells (1n some cases) 
Natural tropism 
towards infection 


Possibility of insertional 
mutagenesis 

Molecular infection 
mechanisms not fully 
understood 


Evolved mechanisms 
of endosomal escape 


virus [3], including (1) the nature and form of their 
nucleic acid (DNA or RNA), (11) symmetry of the 
capsids, (111) presence of an envelope, (iv) the size 
of the virion and (v) the site of viral replication 
(cytoplasm or nucleus). Thus, choosing and engi- 
neering a virus for gene therapy must consider 
these and other features in order to ensure a suc- 
cessful and safe delivery of the transgene. In this 
section, we detail several aspects of the viral vec- 
tors most commonly used in gene therapy: lentivi- 
rus, gamma retrovirus, adenovirus, 
adeno-associated virus, herpes simplex virus, vac- 
cinia, and baculovirus. 


3.1 Lentiviral Vectors 

Lentivirus belongs to the Retroviridae family 
(retroviruses), which is constituted by RNA- 
type viruses characterized by the use of viral 
reverse transcriptase (RT) and the ability to 
insert their viral genetic information into the 
host genome through the action of viral inte- 
grase (IN) [4]. The name lentivirus derives from 
the long period between infection and the dis- 
ease onset. Contrary to other retroviruses, lenti- 
virus can also replicate in nondividing cells. 
They are enveloped virus, with a size ranging 
from 80 to 120 nm in diameter (Fig. 3.2). 
Lentiviruses have different host species, includ- 
ing primates, differing in their genome structure 
and entry receptors, among other features. As 
the majority of the lentiviral vectors used in 
gene therapy are based on human immunodefi- 
ciency virus 1 (HIV-1), the following descrip- 
tions are centered on this virus. 

HIV-1 has a single-stranded positive RNA 
genome with around 9 kb size, with three main 
open reading frames encoding for nine viral pro- 
teins (Fig. 3.3, Table 3.2) [5]. Each viral particle 
has two identical, positive-sense copies of the 
genomic RNA, each one encoding the full infor- 
mation needed for viral replication, although 
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Fig. 3.2 Lentivirus morphology highlighting its main 
structural components. HIV-1 is a retrovirus with two 
identical copies of a single-stranded positive RNA mole- 
cule. Virions are coated by a phospholipid envelope 
derived from the host cell, with viral glycoproteins (gp41 
and gp120) that are important for the viral entry in the 
cell. The viral genome is further protected by a capsid 
formed by p24 protein, and the virus has two additional 
structural proteins, p17 and p7. All these structural pro- 


recent studies suggest that both copies are 
required for is successful completion [6]. The 
viral genome is edged by long terminal repeats 
(LTRs), comprising each one by three regions, 
U3, R and US, which are essential for transcrip- 
tion, reverse transcription and integration. 


3.1.1 Replicative Cycle 

The HIV-1 replicative cycle (Fig. 3.4) starts with 
the binding of the envelope glycoprotein gp120 
to the CD4 receptor (or co-receptor CXCR4 or 
CCRS) of the host cell [7]. After this attachment, 
the viral envelope fuses with the cellular mem- 
brane, resulting in the entry of the viral core into 
the cell. There, the viral capsid proteins are 
uncoated, releasing the RNA genome and viral 
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teins are important for essential functions in the viral rep- 
licative cycle. Other components found in the virus 
include the reverse transcriptase, which mediates the con- 
verstion of the viral RNA genome into viral DNA; the 
integrase, which mediates the genomic integration of the 
proviral DNA into the host cell genome; and the viral pro- 
tease that is responsible for processing of the gag and gag- 
pol polyproteins during viral maturation. 


enzymes (RT, IN, and PR). Still in the cytoplasm, 
the RNA molecule is reverse transcribed into a 
double-stranded proviral DNA molecule by the 
RT enzyme. This newly synthesized DNA mole- 
cule forms a complex with proteins (both viral 
and cellular) forming the pre-integration com- 
plex (PIC), which shuttles to the nucleus. The 
proviral DNA integrates into the cell genome 
(mediated by the IN enzyme) and starts to be 
transcribed into the viral mRNAs (by cellular 
RNA polymerase II) [8]. After some splicing 
events (Fig. 3.5) [9], the viral mRNAs are 
exported to the cell cytoplasm, where the viral 
proteins are produced. The viral proteins and two 
full-length RNA transcripts are assembled near 
the cellular membrane, and the viral particles (viri- 
ons) are released by budding. Maturation of the 
viral particles occurs outside the cells. 
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Fig. 3.3 Organization and main elements of a lentivi- 
rus genome, based on HIV-1. The RNA genome is about 
9 kb long with three main coding segments, gag (group 
antigen), pol (polymerase), and env (envelope), flanked by 
two long terminal repeats (LTRs). Each LTR is divided 
into three regions, U3, R and US, although the complete 
LTR sequence is only generated during reverse transcrip- 
tion and present in the proviral DNA. The LTRs are func- 
tional elements of the viral genome, being essential for 
viral transcription and therefore for the replicative cycle. 
The gag gene codes for structural proteins: matrix (MA), 
capsid (CA), nucleocapsid (NC) and transframe polypep- 
tide (TF). The pol gene codes for the protease (PR), the 


3.1.2 From Lentivirus to Lentiviral 
Vectors 


Despite being based on HIV-1, lentiviral vec- 
tors have been used for the past years as an effec- 
tive and safe system to deliver genes both in gene 
therapy-based preclinical studies and in clinical 





reverse transcriptase (RT) and the integrase (IN). The 
third essential gene, env, codes for envelope proteins, the 
surface protein (SU) and the transmembrane protein 
(TM). These elements are common for all retroviruses; 
however, lentivirus genome is more complex and has 
additional elements. Tat and rev are essential regulators of 
the viral gene expression, coding for RNA-binding pro- 
teins that enhance transcription and act to induce late- 
phase gene expression, respectively. Additionally, the 
lentivirus genome includes four accessory regulatory ele- 
ments, vif, vpr, vpu and nef, which are important for the 
replication and pathogenesis in vivo. 


trials. Accounting for this use are several advan- 
tages, which are important features for gene ther- 
apy vectors, such as their mediated long-term 
expression or the possibility of transducing non- 
dividing cells. Further advantages and disadvan- 
tages of their use in gene therapy applications are 
summarized in Table 3.3. 
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Table 3.2 Coding segments of retroviruses and their functionality. 


Gene} Functionality) Protein 


Function 


Common to all gag | Structural | Capsid protein (CA) | Formation of the capsid 
retrovirus Matrix protein (MA) | Formation of the inner membrane layer 
Nucleoprotein (NC) | Formation of the nucleoprotein/RNA complex 
pol | Replication | Protease (PR) Proteolytic cleavage of gag precursor protein; 
release of structural proteins and viral enzymes 
Reverse transcriptase | Transcription of viral RNA into proviral DNA 
(RT) 
RNase H Degradation of viral RNA in the viral RNA/DNA 
replication complex 
Integrase (IN) Integration of proviral DNA into the host genome 
env | Envelope Surface glycoprotein | Attachment of virus to the target cell 
(SU) 
Transmembrane Anchorage of gp 120, fusion of viral and cell 
protein (TM) membrane 
Specific of tat | Regulatory | Transactivator Activator of transcription of viral genes 
complex protein 
lentivirus rev RNA splicing Regulation of the export of non-spliced and 
regulator partially spliced viral mRNA 
nef |Accessory | Negative regulating | Enhancement of infectivity of viral particles 
factor 
vif Viral infectivity Critical for infectious virus production in vivo 
protein 
vpr Virus protein r Component of virus particles, interaction with p6, 
facilitates virus infectivity 
vpu Virus protein unique | Efficient virus particle release, control of CD4 


Since the first use of lentiviral vectors in gene 
therapy, several modifications have been intro- 
duced in order to increase safety, without com- 
promising efficiency [10]. Because lentiviruses 
have high rates of mutation and recombination, 
even the vector production could be dangerous, 
especially with the possibility of generating rep- 
lication-competent lentiviruses (RCLs). One of 
the developed strategies to increase lentiviral 
vector safety production, trying to overcome the 
RCL issue, was to separate the essential lentivi- 
rus genes in different plasmids and delete some 
accessory genes. This strategy is the main differ- 
ence between the four generations of lentiviral 
vectors that were developed in the last years 
(Fig. 3.6) [11], although many other features and 
alterations can be found inthe different genera- 
tions (Table 3.4). Another important advance in 
lentiviral vectors’ development for gene therapy 
applications was the pseudotyping engineering, 
in which non-lentiviral envelope proteins are 


degradation, intracellular trafficking modulation 


used in the process of producing lentiviral vec- 
tors. For example, one of the most popular altera- 
tions is the replacement of the native Env 
glycoprotein with the viral VSV-G protein, from 
the vesicular stomatitis virus envelope glycopro- 
tein G. This modification increased viral stability, 
which permitted improvements in production and 
an increase in the viral titer yielded. Moreover, 
this protein has a ubiquitous receptor, which 
allowed the targeting of a much broader set of 
cells. 


First Generation 

Replication-deficient lentiviral vectors of the first 
generation are produced using three different 
plasmids: (1) the packaging construct, containing 
all the essential genes (except the env gene) and 
all the regulatory and accessory proteins, (11) an 
eny plasmid encoding a viral envelope glycopro- 
tein, and (iii) a transfer vector containing the 
desired transgene and all the essential cis-acting 


44 


1. RECEPTOR BINDING AND 
ATTACHMENT 


oY 
fal —. 


mo osi E 






CD4 
(or CXCR4 or CCR5) 
2. FUSION P". 


5. NUCLEAR 







IMPORT 











is. 


24 se, 
c “ag 
i 


viral capsid 


"à 

Mj 

€ 2. 
ES 


reverse 
tanscnptase protease 
viral RNA e 
genome  — LiLRLLLLL 
, Y proviral 
4. REVERSE DNA 


TRANSCRIPTION 






XN 


AND SPLICING 


Fig.3.4 Main phases of the replicative cycle of a lenti- 
virus, based on HIV-1 cycle. Viral particle entry into the 
host cell is mediated by the gp120 glycoprotein of the 
envelope that binds to cell receptor CD4 (1). This leads to 
a conformational alteration in TM (gp41) that facilitates 
the fusion of the virus with the cellular membrane (2). The 
viral core enters the cell cytoplasm, where uncoating 
and release of the viral RNA takes place (3). The next step 
is the reverse transcription of the viral RNA into proviral 
DNA, mediated by the RT reverse transcriptase (4). After 
this step, the pre-integration complex (PIC) is assembled, 
being composed of the RT, IN, Vpr, MA and the proviral 
DNA. This complex is transported through the actin 
microfilaments and enters into the nucleus through the 
nuclear pore complex (5). Inside the nucleus, the proviral 
DNA is integrated into the cell genome, through the action 
of the IN integrase (6). After integration, the proviral 
DNA is normally transcribed by RNA polymerase II, and 
the transcription of viral genes is mediated by the U3 
region of the 5'LTR (7). A single viral transcript is formed, 


elements (LTRs, V, RRE). The first two plasmids 
do not have the packaging signal (V) or any LTRs 
to prevent their inclusion in the produced vector 
particles. 
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some copies will eventually be packed into newly formed 
viral particles, but others will serve as template for the 
translation of viral proteins. Therefore, in the latter case 
single transcripts undergo splicing to generate the differ- 
ent viral mRNA segments, which are then exported from 
the nucleus (8). In the cytoplasm, the viral mRNAs are 
translated into different viral proteins, which are formed 
from precursor peptides that undergo cleavage by viral 
and cellular proteases (9). The assembly of the viral par- 
ticles occurs in the cellular membrane and initiates with 
the interaction between precursor structural proteins and 
the packaging signal present in the unspliced viral RNA 
(10). The next stages are viral budding and release, 
wherein viral particles emerge from the cell surface, 
coated by portions of the cellular membrane containing 
the viral glycoproteins that were produced in the endo- 
plasmic reticulum (11, 12). Finally, outside the cells the 
viral particles mature through cleavage of the viral poly- 
proteins into individual proteins and reorganization of the 
structural proteins into the final viral arrangement (13). 


Second Generation 

Despite the important advance provided by the 
three-system plasmid of the first generation, 
some safety issues were still important as RCLs 
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Fig. 3.5 Lentivirus mRNA splicing transcripts, based 
on the HIV-1 genome. The integrated proviral DNA is 
transcribed into a single mRNA transcript of approxi- 
mately 9 kb size. This single transcript is then spliced into 
different transcripts, which can be grouped into three 
main clusters: (1) the primary mRNA that codes for 


Table 3.3 Main advantages and disadvantages of lentivi- 
ral vectors for gene delivery. 


Advantages Disadvantages 
Transduction of dividing 


and nondividing cells 


Need for pseudotyping 


Integration into the host 
genome 


Possible generation of 
replication-competent 
lentivirus (RCLs) 


Long-term expression Insertional mutagenesis 
Possibility for no 


integration 


Safety problems due to the 
presence of viral regulatory 
proteins 

Cloning capacity 

of around 8 kb 

Low immunogenicity 








45 





RRE 


RRE 


RRE 


env 


the Gag-Pol polyprotein; (11) intermediate mRNAs (~4 kb 
long) resulting from the splicing of the primary transcript, 
which code for polyprotein Env or accessory proteins Vif, 
Vpr and Vpu; and (ii) short transcripts (~2 kb long) 
resulting from additional splicing events and yielding 
mRNAs that code for the Tat, Rev and Nef proteins. 


could still be generated. To further increase 
safety, in the second generation of lentiviral vec- 
tors, the accessory genes (vif, vpu, vpr, nef) were 
deleted while maintaining the number of plas- 
mids. This modification did not negatively affect 
vector titer or infectivity, but drastically reduced 
the chance of generating RCLs. 


Third Generation 

The next advance in lentiviral vectors brought 
the elimination of an essential gene (tat) and the 
introduction of the rev gene in a fourth plasmid. 
The need for Tat protein was overcome by 
replacing the U3 region in the 5'LTR by a strong 
heterologous promoter, such as the CMV (cyto- 
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Fig. 3.6 Different lentiviral vector generations used in 
gene therapy and their modifications engineered from the 
wild-type HIV-1. The first generation of lentiviral vectors 
was produced using three plasmids encoding the viral pro- 
teins. In these vectors, only the transgene contained the 
essential cis-acting elements (LTRs, V, RRE) that allowed 
their packaging in the produced lentiviral particles. In the 
second generation of lentiviral vectors, the number of 
plasmids was maintained, but in order to improve their 
safety the accessory genes were deleted. In the third gen- 














eration, the tat gene was eliminated and the viral genome 
divided into an additional plasmid containing the rev 
gene. This also included the deletion of the U3 region of 
the 3’ LTR, generating self-inactivating virus. Finally, a 
fourth generation of lentiviral vectors was developed to 
further reduce the risk of recombination between the plas- 
mids used. For that, the segments gag and pol were codon 
optimized. In this fourth generation, all the modifications 
of the previous generations were maintained. 
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Table 3.4 Main features of the different generations of lentiviral vectors 
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First Second 
generation generation Third generation Fourth generation 
Constructs 3 3 4 4 
Packaging 1 l 2 2 
plasmids 
Accessory genes | Yes No No No 
tat and rev genes | Same Same plasmid | tat absent, rev in a separate tat absent, rev in a separate 
plasmid plasmid plasmid 
gag and pol Same Same plasmid | Same plasmid Same plasmid 
genes plasmid 
3'LTR deletion No No Yes Yes 
Codon No No No gag and pol genes 
optimization 


Table 3.5 Main advantages and disadvantages of 
third generation lentiviral vectors. 


Advantages Disadvantages 


Able to transduce slowly 
dividing and nondividing 
cells 


Production of high 
titers is more difficult 


Delivered transgenes are 
more resistant to 
transcriptional silencing 


Still some possibility of 
generating replication- 
competent lentiviruses 


Suitable for several 
ubiquitous or tissue- 
specific promoters 


Safety increased by 
self-inactivation 


megalovirus) promoter. The addition of a new 
plasmid, separating the rev gene, further 
increased the safety of the viral vectors produc- 
tion by reducing the possibility of RCL genera- 
tion. An additional improvement was also added 
to these lentiviral vectors with the deletion of 
part of the U3 region in the 3'LTR, generating 
SIN (self-inactivating) vectors, thus decreasing 
the risk of activating nearby genes in the inte- 
gration process. These lentiviral vectors have 
only three of the nine wild-type HIV-1 genes, 
which significantly increases their safety pro- 
file. The four constructs used for their produc- 
tion are (i) a packaging plasmid with the gag 
and pol genes; (ii) a plasmid with rev gene, (iii) 
a plasmid with the env (or VS V-G or other pseu- 
dotyped protein), and (iv) a plasmid with the 
transgene (and a strong heterologous 
promoter). 


Fourth Generation 

The potential formation of RCLs using the 
third generation lentiviral vectors 1s very reduced, 
however, theoretically, it is still possible that 
homologous recombination between the transfer 
and the packaging plasmids takes place. To solve 
this problem, codon optimization was imple- 
mented in the gag and pol genes, thus eliminating 
the homology between plasmids. This fourth 
generation of lentiviral vectors displays improved 
biosafety; however, viral titers were negatively 
affected. Maybe because of this, it has not been 
extensively used, and the previous lentiviral vec- 
tor generations are still more commonly applied, 
especially the third generation due to its impor- 
tant advantages (Table 3.5). 


3.1.3 Additional Improvements 
to Lentiviral Vectors 


Several other improvements in lentiviral vector 
design were introduced in the different genera- 
tions to improve efficiency, to facilitate their pro- 
duction or, as already mentioned, to improve 
their biosafety (Fig. 3.7) [12]. One of those 
improvements was the introduction of a cis- 
acting polypurine tract (cPPT), to increase the 
viral vector transduction efficiency both in vitro 
and in vivo. Another strategy, improving lentivi- 
ral vector expression, was the introduction of 
the woodchuck hepatitis virus post- 
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Elimination of non-essential elements and 
splitting of genes into several vectors 


Altered by inclusion or modification of 
glicoproteins and addition of antibodies 


Introduction of cPPT, increasing 
transduction efficiency 


Development of non-integrative vectors, by 
mutation of the LTRs and the viral integrase 


Improved by introduction of WPRE 


Directed to particular cells through 
specific promoters 


Introduction of chromatin insulators 
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Fig. 3.7 Modifications introduced to lentiviral vectors relative to the wild-type HIV-1 virus, in order to improve 
their safety profile while maintaining their efficiency and production in high titers. 


transcriptional regulatory element (WPRE), 
which increases the number of unspliced RNA 
molecules, leading to an increase of the trans- 
gene expression in target cells. One important 
issue resulting from lentiviral vector-mediated 
integration is the possibility of transgene expres- 
sion repression, due, for example, to epigenetic 
events. To address this problem, chromatin-insu- 
lator sequences were introduced in the lentiviral 
vectors. Insulators have the ability to block 
enhancer-promoter interactions and/or serve as 
barriers against silencing effects. The further 
engineering of lentiviral vectors also included 
the fusion of proteins or antibodies to envelope 
glycoproteins to alter their tropism and retarget 
the vectors to specific cells. Another commonly 


used strategy to direct and specify transgene 
expression is to include a tissue-specific pro- 
moter in the transgene construct. This strategy 
will not select the cells to transduce, but rather 
limit the expression of the transgene to a certain 
cell type due to the presence of the specific pro- 
moter. Limiting expression of the transgene to 
particular cells is particularly useful in the con- 
text of the central nervous system, where the 
presence of different cells types makes specific 
transduction difficult. 


SIN Vector Design 

Another feature included in most of the lentiviral 
vectors is the inclusion of a self-inactivating long 
terminal repeat (SIN-LTR), in which the U3 
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Fig. 3.8 Self-inactivating lentiviral vectors. In wild- 
type HIV-1 virus, the viral RNA is transcribed under the 
control of an enhancer-promoter sequence that is located in 
the U3 region of the LTRs, being required for the produc- 
tion of new viral particles and the continuation of the rep- 
licative cycle. During the process of reverse transcription 


region in the 3'LTR has been partially deleted 
(Fig. 3.8) [13]. This feature reduces the risk of 
lentiviral vector recombination with wild-type 
viruses, thus increasing its safety. In the wild- 
type HIV-1, the U3 region acts as a viral enhancer/ 
promoter, being essential for viral replication, 
especially for the formation of both the 5' and 
3'LTR of new viral particles. However, in the 
recombinant lentiviral vectors  (replicative- 
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the U3 region of the 3'LTR is transposed to the 5'LTR. In 
self-inactivating vectors, the U3 region of the 3'LTR 
is partially deleted in order to block its enhancer-promoter 
function. Upon integration, the proviral DNA will harbor 
the partially deleted U3 region in both LTRs, thus prevent- 
ing the further continuation of the replicative cycle. 


deficient), this region is dispensable, as the pack- 
aged RNA expression is driven by the 5'LTR 
region and the transgene expression by the respec- 
tive promoter. The partially deleted U3 region 
will be transfered to both the 5’ and 3’LTR 
regions during integration, so that any viral par- 
ticle progeny that is formed will harbor two 
inactivated LTRs and transgene expression will 
be only driven by the internal promoter. 
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Non-integrative Lentiviral Vectors 

In the context of gene therapy, one of the main 
advantages of using lentiviral vectors is their 
ability to stably integrate the desired transgene in 
the target cells genome. However, integration 
can lead to the development of undesired conse- 
quences, such as the activation of oncogenes. In 
fact, for some applications the development of 
non-integrative vectors would still be effective, 
having as an additional benefit a better safety 
profile [14]. To attain this goal, lentiviral vectors 
were designed containing mutations in regions 
that are essential for the proviral DNA integration 
process, namely in, (i) the U3 region of the 
5'LTR, (i1) the US region of the 3'LTR, and (iii) 
the integrase protein itself. 


Lentiviral Vector Pseudotyping 

As mentioned, the inclusion of different glyco- 
proteins into the envelope of lentiviral vectors 
alters and increases the variety of target cells that 
can be transduced, thus improving their tropism. 
Like it was referred, pseudotyping is the process 
of producing viral vectors (or virus) containing 
envelope proteins from a different virus [15]. 
Several glycoproteins from different virus have 
been used and studied to pseudotype lentiviral 
vectors providing different advantages, such as 
increasing their efficiency or reducing their tox- 
icity (Table 3.6). 


3.1.4 Lentiviral Vector Production 


Any delivery system used for gene transfer, either 
non-viral or viral, has to be produced/built pref- 
erentially with a safe and simple method of low 
technical complexity that, of course, yields the 
system in high amounts. In the case of lentiviral 
vectors, the safety issue was a major driving force 
in the development of production methods and 
the main reason why the viral genome was sepa- 
rated into different constructs. However, this 
important advance brought a new challenge, as 
all the constructs must join together in the factory 
cells to produce effective lentiviral vector parti- 
cles. To accomplish this, two transfection meth- 
ods are used: transient transfection [16] and 
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Table 3.6 Common viral glycoproteins used for lentivi- 
ral vector pseudotyping. 


Species/envelope Advantages 
Vesicular stomatitis Wide tropism 
virus (VSV-G) Facilitates production using 


ultracentrifugation 


Feline endogenous More efficient and less toxic 


retrovirus (RD114) than VS V-G in 
hematopoietic cells 

Ebola Efficiently transduces 
airway epithelium 

Rabies Retrograde transport in 
neuronal axons 

Lymphocytic Low toxicity 

choriomeningitis virus 

(LCMV) 


Ross River virus Transduces hepatocytes, 
glial cells, and neurons 
Influenza virus 


hemagglutinin 


Transduces airway 
epithelium 


Moloney murine Able to transduce most cells 


leukemia virus 4070 
envelope 


stable transfection [11]. In the first approach, all 
the plasmids (three or four, depending on the 
generation used) are simultaneously transiently 
transfected into a packaging cell line (Fig. 3.9). 
Several transfection agents cab be used, like cal- 
cium phosphate, polyethylenimine (PEI) or cat- 
ionic lipids. The second approach involves the 
use of stable packaging cell lines already con- 
taining one or more viral genes, thus reducing the 
number of plasmids to be transfected [4]. Both 
approaches have advantages and drawbacks, and 
their choice is mainly dependent on the labora- 
tory conditions, on the safety regulations and on 
the viral titer needed. 

Other important issues to be considered in the 
production of lentiviral vectors include the 
method of viral particle purification and concen- 
tration, the procedure for titer assessment, the 
choice of producer cell line and the production 
scale (Fig. 3.10). For research purposes, the pro- 
duction of lentiviral vectors is well-established 
in human embryonic cells kidney 293 (HEK293) 
or HEK293T adherent cells using transient trans- 
fection methods. However, for clinical trials, the 
quantity and quality of the vectors needed are 
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Fig. 3.9 Plasmids used to produce lentiviral vectors in a stable cell line expressing one or two viral genes could 
different vector generations. Depending on the genera- be used in the production, thus reducing the number of 
tion, lentiviral vectors can be produced by transfecting plasmids to be transfected. 

three or four plasmids into producing cells. Alternatively, 
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Fig. 3.10 Overview of 
the main steps 

of lentiviral vector 
production. Several 
methods can be used to 
transfect viral plasmids, 
including delivery 
mediated by liposomes. 
The produced viral 
particles can be 
concentrated and 
purified from the 
producing cells using 
different techniques, 
among which 
ultracentrifugation is the 
most common. Finally, 
several methods to 
quantify the lentiviral 
vectors titer can be used, 
although the 
quantification of p24 1s 
the most common. 


Cells 


and 
purification 


Titration 


much higher. Thus, large-scale methods were 
developed using both adherent and suspension 
cell cultures. The process is quite expensive and 
complex, and only a few sites in Europe and the 
USA are able to produce GMP lentiviral vector 
particles in large scale [11]. 

Concentration and purification methods 
are both very important in the production of len- 
tiviral vectors and are closely related to the pro- 
duction scale needed (research or clinical trial). 
Even though, probably the method most com- 
monly used for concentration is the centrifuga- 
tion of culture medium after an initial filtration. 
This method can also be combined with anion- 
exchange chromatography for an additional 
purification step. However, these methods are 
not suitable for large-scale productions and in 
vivo application, as often they are not free from 


Transfection 


Concentration 
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culture medium/process contaminants. 
Therefore, in large-scale productions, several 
methods are combined to achieve three main 
goals: (1) an initial purification of the vectors; (11) 
an intermediate purification to remove specific 
impurities, and (111) final refining to remove trace 
contaminants. 

Finally, the last step in the production of lenti- 
viral vectors, which is the assessment of the viral 
production titer, is also very important, in order 
to adjust vector doses and to evaluate the trans- 
duction efficiency. There is a wide range of meth- 
ods used for this purpose, for example (1) 
measuring the quantity of one vector component 
(commonly the viral p24 protein is used); (11) 
measuring the number of provirus DNA copies in 
infected cells; or (iii) measuring transgene or 
reporter gene expression in infected cells. 


3.2 Gamma Retrovirus 


Several modifications and improvements are 
continuously being tested aiming to increase len- 
tiviral vector quality and quantity and also to 
increase safety in the production process. 


3.1.5 Lentiviral Vectors in Clinical 
Trials 


There is already one gene therapy product approved 
in Europe and the USA based on the delivery by 
lentiviral vectors. Kymriah? is an ex vivo gene ther- 
apy delivering CD19-specific CAR T-cells, indi- 
cated for the treatment of acute lymphoblastic 
leukemia. Due to their important advantages, lenti- 
viral vectors were and are used with success in sev- 
eral clinical trials, particularly for rare diseases. 
More recently, they were also applied in gene ther- 
apy studies for more frequent genetic and acquired 
diseases, including p-thalassemia, Parkinson's dis- 
ease and cancer. Tables 3.7 and 3.8 detail two 
examples of gene therapy clinical trials using lenti- 
viral vectors [17, 18]. 
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3.2 Gamma Retrovirus 

Gamma retrovirus also belongs to the Retroviridae 
family (retroviruses), like the lentivirus. However, 
their genome organization is simpler [19], which 
makes its genetic engineering easier than for len- 
tivirus (Fig. 3.11). As vectors for gene therapy, 
they share more or less the same advantages and 
disadvantages of the lentivirus. However, con- 
trary to those, the gamma retrovirus only infects 
dividing cells, and maybe for that, currently, they 
are less used in gene therapy than lentivirus [20]. 
Moreover, lentiviral vectors seem to be safer than 
gamma retrovirus in relation to the risk of inser- 
tional mutagenesis. The gamma retrovirus was 
mainly used in the earlier gene therapy studies, 
until the previously mentioned incident with 
a X-linked severe combined immunodeficiency 
(SCID) trial (Table 3.9) [21] where insertional 
oncogenesis was observed in some of the trial 
subjects. 


Table 3.7 Example 1 of a gene therapy clinical trial using lentiviral vectors as the delivery system of the therapeutic 


gene. 


Study 


Palfi, S., et al. (2014) Long-term safety and tolerability of ProSavin, a lentiviral vector- 


based gene therapy for Parkinson's disease: a dose escalation, open-label, phase 1/2 trial, 


Lancet 383, 1138-1146 
Disease 


Parkinson's disease, which is a common neurodegenerative disease mainly characterized 


by motor impairments, resulting from the progressive degeneration of dopaminergic 
neurons in the substantia nigra that project axons to the striatum, where dopamine is 


released. 
Therapeutic gene 


ProSavin (genes encoding key enzymes in the dopamine metabolism, tyrosine 


hydroxylase, AADC, and cyclohydrolase 1) in three doses (low 1.9 x 10’ TU; mid 4.0 x 


107 and high 1 x 10%) 
Delivery vector 


Lentiviral vector (based on equine infectious anemia virus) produced by triple transient 


transfection methods in HEK293T cells, purified and concentrated by anion-exchange 
chromatography and hollow fiber ultrafiltration 


Clinical trial 
France and the UK 


Inclusion criteria 
to oral dopamine treatment 


Type of 
administration 


Clinical outcome 


Phase I/II (long-term safety and tolerability), open-label and 12-month follow-up study, in 
48—65 years; disease manifestation for 5 or more years and 50% or higher motor response 
Local delivery of ProSavin bilaterally into the striatum 


Despite some adverse events, the study found that ProSavin was safe and well tolerated. 


No detectable antibody response against any of the ProSavin transgene products was 
detected. There was an improvement in motor behavior in all the treated patients, and 11 
of the patients had a reduction in the daily levodopa administration at 6 and 12 months 


after the therapy. 
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Table 3.8 Example 2 of a gene therapy clinical trial using lentiviral vectors as the delivery system of the therapeutic 


| triphosphate-binding cassette transporter localized in the peroxisomes membrane. Most of the 


gene. 

Study | Cartier, N., et al. (2009) Hematopoietic stem cell gene therapy with a lentiviral vector in 
X-linked adrenoleukodystrophy, Science 326, 818—823 

Disease X-linked adrenoleukodystrophy (ALD), which is a fatal demyelinating disease of the CNS 
caused by mutations in the ABCDI gene that codifies for ALD protein, an adenosine 
affected boys die before reaching adolescence. 

Therapeutic Wild-type ABCDI gene under the control of the MND (myeloproliferative sarcoma virus 

gene enhancer, negative control region deleted, d1587rev primer binding site replaced) promoter. 


Re-infusion of 4.6 x 10° and 7.2 x 10° cells per kilogram, for patient 1 and patient 2, respectively 


Delivery vector 


| Replication-defective HIV-1-derived self-inactivating lentiviral vector (CG171 1 hALD), ina 


| concentration of 941 x 10" infectious particles/ml 


Clinical trial 
Inclusion — 
criteria 

Type of 
administration 
Clinical 
outcome 


_| Interventional study in France 


donors 


Two ALD patients (aged 7.5 and 7 years) with progressive demyelination and no matched 
| Ex vivo lentiviral-mediated transfer of the ABCDI gene into CD34+ cells from ALD patients 


No adverse events were reported. Hematopoietic recovery occurred at days 13-15 after 
transplant and was sustained thereafter. Nearly complete immunological recovery occurred 


| between 9 and 12 months. The progression in cerebral demyelination was stopped at 
12-14 months after gene therapy for patient 1 and at 16 months for patient 2. A follow-up at 
| 36 months revealed that no changes in the extent of cerebral demyelinating lesions were 


| Observed. 
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Fig. 3.11 Organization of a gamma retrovirus 
genome, based on the murine leukemia virus (MLV). The 
RNA molecule is about 8.3 kb long with the three retrovi- 
ral main coding segments gag (group antigen), pol (poly- 
merase), and env (envelope), flanked by two long terminal 
repeats (LTRs). Contrary to lentiviruses, the gamma retro- 
virus genome does not have additional coding segments. 


3.3 Adenoviral Vectors 

Adenovirus belongs to the Adenoviridae family, 
comprising more than 100 viruses able to infect 
humans and several animal species. They are 
non-enveloped viruses, with a double-stranded 


3 LTR 


B ——————UR 


env 


SU TM 


The gag gene codes for structural proteins: matrix (MA), 
capsid (CA), nucleocapsid (NC), and p12. The pol gene 
codes for the protease (PR), the reverse transcriptase (RT) 
and the integrase (IN). The third essential gene, env, codes 
for envelope proteins, the surface protein (SU) and the 
transmembrane protein (TM). 


linear DNA molecule as genetic material. The 
viral capsid has icosahedral symmetry (20 fac- 
ets) a diameter of 70—100 nm and each icosahe- 
dron is composed of 240 proteins, named hexons 
(Fig. 3.12) [22]. 
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Table 3.9 Example of a gene therapy clinical trial using gamma retroviral vectors as the delivery system of the thera- 


peutic gene. 


Cavazzana-Calvo, M., et al. (2000) Gene therapy of human severe combined immunodeficiency 


Severe combined immunodeficiency-X1 (SCID-X1) is an autosomal recessive disease caused by 


mutations in the IL2RG (interleukin 2 receptor subunit gamma) gene, which encodes for a 


Study 
(SCID)-X1 disease, Science 288, 669—672 
Disease 
critical protein of the immune system. 
Therapeutic Wild-type IL2RG cDNA introduced in CD34+ autologous cells 
gene 


Delivery vector 
Clinical trial 
Inclusion 
criteria 

Type of 
administration 
Clinical 
outcome 


Two patients with 8 and 11 months 


without any further treatment. 


& Knob domains 





Fig. 3.12 Adenovirus morphology highlighting the 
icosahedral symmetry of the capsid. The genome of 
adenovirus consists in a double-stranded linear DNA mol- 
ecule, with a terminal protein in each side of the helix, 
which act as primers for viral replication. They are non- 
enveloped virus, with a diameter of 70—100 nm, and each 


The adenovirus genome size is around 
34—43 kb, flanked by two inverted terminal 
repeats (ITRs), which act as the DNA replication 
origin. The genome encodes for approximately 
35 proteins, generally expressed in 2 phases from 
7 transcription units, which are mostly tran- 
scribed by RNA polymerase II (Fig. 3.13, 
Table 3.10): (1) four early transcriptional units 
(El, E2, E3, and EA), which are important for the 





Moloney retrovirus-derived defective vector 
Interventional study, with a follow-up of 10 months in France 
Ex vivo gene therapy mediated by gamma retrovirus 


After 10 months, transgene expression was detected in T- and NK-cells in both patients. This 
was accompanied by clinical improvement in both patients, leading to normal development 


Viral DNA genome 


Terminal protein 


icosahedral capsid is composed of 240 proteins, named 
hexons. Each of the 12 vertexes is formed by another pro- 
tein, named penton, constituting a base for a projecting 
fiber, which is important for the viral attachment to the 
host cell. The extremity of the fiber terminates with a 
globular domain, named knob. 


early infection stage ensuring the control of the 
host cell and DNA replication, (ii) two delayed 
early transcriptional units (IX and IVa2) that are 
important after replication, and (111) one late tran- 
scriptional unit (MLTU, subdivided into L1, L2, 
L3, L4, and L5), mainly responsible for viral 
assembly, and release of the viral particles from 
the host cells [23]. 
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Fig. 3.13 Organization of the adenovirus scriptional units (E1, E2, E3, and E4), which are activated 


genome, based on serotype 5. The double-stranded linear 
DNA molecule has 36 kb long, flanked by an inverted ter- 
minal repeat (ITR) in each extremity, and coding for 
approximately 35 proteins. The different coding segments 
are grouped, according to their transcription, in early tran- 


3.3.1 Replicative Cycle 
The adenovirus replicative cycle comprises dif- 
ferent stages (Fig. 3.14): 


. Adsorption, which initiates viral entry into the 
host cell and is mediated by the surface recep- 
tor CAR (coxsackievirus and adenovirus 
receptor). 


2. Internalization of the virus, via clathrin- 
dependent endocytosis. 
3. Partial uncoating and escape from the endo- 


some; the remaining capsid structures carry 
the genome to the nucleus. 


upon infection; delayed early transcriptional units (IX and 
IVa2), encoding for capsid proteins; and a late transcrip- 
tional unit (MLTU), which encodes for structural proteins 
and is also important for virus assembly and release from 
the host cell. 


Targeting of the nucleocapsid to the nucleus 
of the host cell. 

Viral gene expression, whereby viral mRNAs 
are transcribed and viral proteins are 
synthesized. 

Viral genome replication. 

Virion assembly/maturation, through 
which the viral genome and proteins are 
assembled and packaged in the cytoplasm. 

. Release of the new infectious virus; the newly 
formed virions accumulate in the cell and are 
released upon cell lysis [22]. 
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Table 3.10 Adenovirus transcription units and their 
main functions. 


Transcription 
unit Function 
El Activates transcription of cellular and 


viral genes; induces S phase of the 
cell; inhibits cell apoptosis 




















B2 Codes for proteins essential to viral 
DNA replication 

E3 | Codes for proteins blocking the natural - 
cell response to infection 

Codes for proteins involved in DNA 
replication, mRNA transport, and 
splicing 

IX Activates late gene expression 

IVa2 Important for the activation of late 
promoter 

MLTU Codes for structural capsid proteins; 


promotes viral particles assembly and 
genome packaging 
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3.3.2 From Adenovirus 
to Adenoviral Vectors 


So far, adenoviral vectors have been the 
most commonly used viral delivery system in 
gene therapy and were actually the vector chosen 
in the first gene therapy clinical trial. Some of 
their important advantages have contributed to 
this situation, including an easy production and 
high expression levels of the transgene 
(Table 3.11). On the other hand, one important 
disadvantage of their application is the pre- 
existing immunity (which could limit the thera- 
peutic efficacy), as 80% of the human adult 
population has been naturally exposed to adeno- 
virus serotypes 2 and 5, which are the most com- 
mon serotypes in which adenoviral vectors 
production is based. 
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Fig. 3.14 Adenovirus replicative cycle. The cycle 
begins with the attachment of the virus to the host cell 
receptors, mediated by the fiber (1), and after that the 
virus is internalized in clathrin-coated vesicles (2). The 
next steps are the escape from the endosome, the partial 
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uncoating of the viral capsid (3), and the targeting of the 
nucleocapsid to the nucleus (4). Next, the viral genes are 
transcribed (5) and the viral DNA is replicated (6). Viral 
assembly starts in the cell nucleus (7) and culminates 
with cell lysis and the release of the viral particles (8). 
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Table 3.11 Main advantages and disadvantages of ade- 
noviral vectors for gene delivery. 


Advantages Disadvantages 
Transduction of 
dividing and 
nondividing cells 
Cloning capacity of up 
to 8 kb 


No integration 


Transient expression of the 
transgene 


High levels of pre-existing 
immunity 

Stimulation of a strong 
immune and inflammatory 
response 

High expression levels 

of the transgene 

Production at high 

titers 

Suitable as oncolytic 

vector 


Broad host range 
Efficient transduction 


As was the case for lentiviral vectors, the 
development of adenoviral vectors was improved 
over time, with the introduction of several modi- 
fications leading to the existence of three differ- 
ent classes of adenoviral vectors: first generation, 
second generation and third generation, or 
gutless, vectors (Fig. 3.15) [24]. In the first gen- 
eration of adenoviral vectors, the main goal was 
to produce non-replicative and therefore safer 
vectors. For that, El or both the El and E3 
regions were removed, providing space for the 
transgene cassette. This resulted in non-replica- 
tive vectors, but the presence and expression of 
the remaining viral genes still stimulated a strong 
inflammatory and immune response. To avoid 
this problem, the second generation of adenovi- 
ral vectors was envisioned with the deletion of 
additional genome regions and allowing an 
increase in the cloning capacity, of up to 14 kb. 
However, these second-generation adenoviral 
vectors still induced some toxicity due to the 
immunogenic and inflammatory potential of the 
remaining viral genes. Finally, a third genera- 
tion of adenoviral vectors, also called gutless or 
helper-dependent, was developed, being charac- 
terized by the complete deletion of the viral 
genome, with exception of the two ITRs and the 
packaging signal. Gutless adenoviral vectors 
have some advantages, even when compared to 
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first-generation adenoviruses, which make them 
even more suitable as a gene therapy vector: (1) 
they are devoid of viral genes, which increases 
their safety profile; (2) they have an increased 
loading capacity of up to 30 kb, which allows 
carrying of larger genes; and (3) they have an 
easy production in high titers, which facilitates 
the translation to human trials and applications. 
However, as they lack all viral genes, during their 
production the proteins needed for genome repli- 
cation, packaging and capsid formation have to 
be provided by a helper vector [25]. 


3.3.3 Adenoviral Vector 
Modifications 


The death of Jesse Gelsinger in 1999 during a 
gene therapy trial revealed one of the criti- 
cal problems of adenoviruses as vectors, their 
immunogenicity, which results from the activa- 
tion of the innate immune response, the cellular 
immune response and the humoral immune 
response [26]. To overcome this situation, several 
modifications were introduced, many of 
which actually having served as a basis for the 
development of the different generations of ade- 
noviral vectors described. The wide variety of 
modifications that were developed had two main 
goals: (1) overcoming the inflammation response 
to viral replication and (11) overcoming the innate 
immune response, which is dose-dependent. In 
the same line, the strategies addressing these 
problems can be organized into two main 
approaches: genetic modifications and chemical/ 
nonchemical modifications. The genetic modifi- 
cations are based on the depletion of viral genes 
and led to the development of the different gen- 
erations of adenoviral vectors. The chemical and 
nonchemical modifications are based on the 
shielding of the viral capsid with different mate- 
rials (e.g., PEI, polyethylene glycol; HPAM, 
N-[2-hydroxypropyl]), to prevent its interaction 
with specific immune receptors. Other modifica- 
tions were also introduced in adenoviral vec- 
tors in order to alter the vector tropism, including 
(1) capsid pseudotyping, (ii) serotype switching 
or (ii1) binding with antibodies. 
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Fig. 3.15 Adenoviral vector generations developed for 
gene therapy applications. The first generation of adenovi- 
ral vectors was produced by deleting El or both E1 and E3 
units, aiming to develop non-replicative vectors and pro- 
viding cloning capacity for the transgene. The E1-deleted 
vectors have a cloning capacity of around 5 kb, while the 
El- and E3-deleted vectors have a cloning capacity of up 
to 8 kb. While these vectors fail to replicate in vitro, the 
presence of several other viral genes stimulates a strong 
immune and inflammatory response. Therefore, a second 
generation of adenoviral vectors was developed, further 


deleting E2 and E4 regions, providing a cloning capacity 
of around 14 kb. However, these second-generation ade- 
noviral vectors still induced some toxicity, also due to the 
presence of viral genes. So, a third generation of adenovi- 
ral vectors was developed based on the complete deletion 
of the viral genome, except for the ITRs and the packag- 
ing signal. These were named adenoviral gutless vectors, 
having a cloning capacity of up to 30 kb and a safer pro- 
file, although their production is more complex, as all the 
viral components are absent. 
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3.3.4 Adenoviral Vector Production 


As mentioned above, the different generations of 
adenoviral vectors were developed aiming to 
reduce vector toxicity, mainly by deleting viral 
genes. However, these genes are crucial for viral 
replication and thus, in a viral production setting, 
the producer cells must be provided with the 
deleted elements. Normally, for the first and sec- 
ond generations of adenoviral vectors, the packag- 
ing cell lines used include HeLa, A549, HEK293 
and PER.C6 [27]. In the case of gutless adenoviral 
vectors, as they lack all of the viral genes, there is 
the need to supply all the viral components for rep- 
lication. This is achieved by the coinfection of the 
producer cell line with the gutless vector and a 
helper adenovirus (Fig. 3.16) [25]. 

One important disadvantage in the production 
of these vectors is the production of a mixed pop- 
ulation of viral particles, derived from both the 
gutless vector and the helper virus. Thus, addi- 
tional strategies were designed trying to separate 
the viral particles; however, residual contamina- 
tion of the helper virus is detected in almost all of 
the production batches, which could lead to 
potential toxicity events. For example, the use of 
Cre or other recombinases to excise the packag- 
ing signal of the helper virus reduced the con- 
tamination by these viruses to 0.1-10%, 
compared to the gutless vectors [28]. 

Another important limitation of gutless vector 
production is their lower titers compared to pre- 
vious generations of adenoviruses. In terms of 
human applications, besides the helper contami- 
nation, large-scale production is also very com- 
plex, less efficient, and also less safe, as several 
successive coinfections with the helper virus are 
needed. 


3.3.5 Adenoviral Vectors in Clinical 
Trials 


Since the first gene therapy clinical trial, adeno- 
viral vectors were in the first line as a choice vec- 
tor for delivering genes. Despite several 
drawbacks regarding their use, their easy produc- 
tion, versatility and suitability as oncolytic vec- 
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tors ensure the first place among viral vectors that 
are most commonly used in gene therapy clinical 
trials (Table 3.12) [29, 30]. 


Adeno-associated Virus 
(AAV) 


3.4 


Adeno-associated viruses (AAVs) are helper- 
dependent viruses of the Dependovirus genus of 
the Parvoviridae family, which includes virus 
infecting several mammal species, including 
humans. AAVs are non-enveloped small virus 
(18-25 nm), having a capsid with icosahedral 
symmetry, composed of 60 proteins (Fig. 3.17) 
[31]. The AAV genome is composed of a single- 
stranded DNA molecule of around 4.7 kb, com- 
prising two open reading frames (ORFs), rep and 
cap, flanked by inverted terminal repeats (ITRs) 
that form hairpin structures important for replica- 
tion and packaging events (Fig. 3.18). Three viral 
promoters have been identified: p5, p19, and p40. 
The rep ORF encodes for four nonstructural pro- 
teins involved in replication (Rep78, Rep68, 
Rep52 and Rep10), whereas the cap ORF encodes 
for three structural proteins of the capsid (VPI, 
VP2, and VP3) [31, 32]. 

Over the last years, 12 different AAV sero- 
types have been isolated and identified, and more 
than 100 variants have been isolated from humans 
and other primates. The AAV serotype is defined 
by capsid protein motifs that are identified by dif- 
ferent neutralizing antibodies and that provide 
differences in viral features, such as the type of 
cells/tissues the virus infect or the main receptors 
they use to enter the cells (Table 3.13) [33]. 
Genome organization is conserved across differ- 
ent AAV serotypes, although there are differences 
in their transcription profiles [31]. 


3.4.1 Replicative Cycle 

The AAV replication cycle starts with the binding 
of the virus to a specific cell receptors and its 
internalization through receptor-mediated endo- 
cytosis. After cell entry, the virus needs to escape 
from the endosome, enter the nucleus through the 
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Fig. 3.16 Overview of the production of gutless ade- 
noviral vectors using a helper adenoviral vector. As gut- 
less adenoviral vectors are devoid of every viral coding 
unit, their production is based on the transfection of the 
gutless plasmid into the producer cell line, along with the 
co-transfection of a helper adenoviral plasmid or the 
infection with a helper adenovirus, containing the entire 
viral genome. However, this strategy implies that both 
viruses (gutless and helper) are produced, thus complicat- 
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ing the subsequent purification process. Later, an innova- 
tion was introduced in this system, which consisted in the 
removal of the packaging signal (V) of the helper vector 
by the Cre recombinase, due to the presence of loxP sites 
in each side of the signal. This reduced the contamination 
of helper vectors to 0.1— 10%, compared to gutless vec- 
tors; however, it did not completely prevent their 
production. 
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Table 3.12 Example of a gene therapy clinical trial using adenoviral vectors as the delivery system of the therapeutic 














gene 
Study Rosenthal, E. L., et al. (2015) Phase I dose-escalating trial of Escherichia coli purine nucleoside 
phosphorylase and fludarabine gene therapy for advanced solid tumors, Ann Oncol 26, 
1481-1487 
Disease Advanced solid tumors 
Therapeutic Escherichia coli purine nucleoside phosphorylase (PNP) combined with fludarabine (fludarabine 
gene monophosphate is converted by PNP into fluoroadenine and its phosphorylation disrupts protein 


synthesis) 





Delivery vector 


| Non-replicative adenovirus (E1 and E3 deleted) 





Clinical trial 


Phase I dose-escalating trial in the USA: cohorts 1—3 with a constant dose of Ad-PNP (3 x 10!! 


VP) and increasing fludarabine dose (15 mg/m? for cohort 1, 45 mg/m? for cohort 2, and 75 mg/ 
m? for cohort 3); cohort 4 with a constant dose of fludarabine (75 mg/m?) and increasing dose of 


| Ad-PNP of up to 2.73 x 10? VP 











Inclusion Twelve patients, solid tumor diagnosis by biopsy, failure or exhaustion of standard treatments, 
criteria more than 19 years of age, life expectancy >12 weeks 
Type of | Intratumoral injection of the Ad-PNP (two injections in the first 2 days) and systemic 


administration | administration of the fludarabine (days 3—5) 





Clinical 
outcome 


| Some adverse events were reportedly attributed to the drug, but without dose-limiting toxicity. 
Tumor regression was observed in most of the patients, achieving 100% in two patients. Better 


| response was observed in higher fludarabine doses, but no difference was observed between 


| Ad-PNP doses. 






Viral DNA genome 


Capsid subunits 


Fig. 3.17 Adeno-associated virus (AAV) structure. 
AAVs are very simple and small non-enveloped virus, 
with an icosahedral symmetry capsid composed of 60 pro- 
teins, surrounding a single-stranded molecule of DNA. 


nuclear pore complex and release its genetic 
material (uncoating). The second DNA strand is 
then synthesized and the final transcription 
step takes place. 

The AAV replication cycle is highly depen- 
dent on the cellular physiological state and 
machinery, and infection success is determined 
by molecular interactions with the host cell at 
each step of the cycle. If cells are exposed to 


genotoxic stress (e.g., X-rays) or infected by 
another virus (e.g., adenovirus or herpesvirus), 
AAV starts a rapid cycle of replication and release 
of the newly produced viral particles (Fig. 3.19) 
[31]. However, if the cell is in good physiological 
conditions, in the absence of any stressor agent or 
another virus, the AAV enters a latent stage, and 
the infection is blocked at multiple steps. Under 
these conditions, the AAV genome can persist in 
an extrachromosomal state or integrate in a site- 
specific manner into the host cell genome. In the 
case of human cells, this integration occurs pref- 
erentially in the AAVS1 site in the q arm of chro- 
mosome 19 [34]. 


3.4.2 From AAV to AAV Vectors 


The simplicity of AAVs makes them an outstand- 
ing tool as gene therapy vectors. For example, the 
limited number of viral proteins in the AAV vec- 
tor reduces the inflammatory response, and the 
lack of integration reduces the risk of insertional 
mutagenesis and epigenetic silencing of the 
transgene (Table 3.14). Moreover, the natural tro- 
pism of the different AAV serotypes allows cell- 
specific targeting, reducing the need for additional 
engineering. On the other hand, some disadvan- 
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Fig. 3.18 Genome organization of an  adeno- 
associated virus, based on the genome of AAV2. The 
single DNA strand of 4.7 kb is flanked by two inverted 
terminal repeats (ITRs), comprising two open reading 
frames, rep and cap. The rep sequence encodes four non- 


tages of their use include the small cloning capac- 
ity, which limits the transgene size and further 
introduction of tags and promoters. 

The size limitation is the main point in design- 
ing an AAV vector, imposing that the sequence 
comprising the ITRs and the transgene to be 
cloned between them does not exceed 4.9 kb 
[35]. To overcome this problem, several strate- 
gies were developed, such as (1) reducing the 
transgene size by minimizing the length of regu- 
latory elements or truncating the protein or (11) 
spliting the vector system, using fragmented 





structural proteins involved in replication (Rep78, Rep68, 
Rep52 and Rep40), driven by three different promoters 
(p5, p19, and p40). The cap segment encodes three struc- 
tural proteins of the viral capsid (VPI, VP2, and VP3). 


vectors or overlapping dual vectors [36]. 
However, and despite good advances, there are 
still some efficacy issues in these strategies, 
which limit their widespread use. 

Another important point to consider in AAV 
vector design is the delayed transgene expression 
due to the biology of the AAV single-stranded 
genome, which requires the synthesis of the com- 
plementary strand to be expressed. To overcome 
this problem, an alternative was envisioned using 
self-complementary AAV vectors, which pack- 
age an inverted repeat complementary genome 
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Table 3.13 Adeno-associated virus serotypes, their origin, and main receptors used for cell entry. 


Serotype Origin Main receptor Neutralizing antibodies (%) 

AAV 1 NHP Sialic acid (alpha2,3 N-linked and 67 
alpha2,6 N-linked) 

AAV2 Human Heparan sulfate proteoglycans (HSPGs) 72 

AAV3 NHP Heparan sulfate proteoglycans (HSPGs) Not known 

AAV4 NHP Sialic acid (alpha2,3 O-linked) 10 

AAV5 Human Sialic acid (alpha2,3 O-linked and alpha2,3 40 
N-linked) 

AAV6 Human Sialic acid (alpha2,3 O-linked and alpha2,3 46 
N-linked) 

AAV7 NHP Not known Not known 

AAV8 NHP Laminin receptor (LamR) 38 

AAV9 Human N-linked galactose 47 


NHP nonhuman primate 


that forms double-stranded DNA, without the 
requirement for synthesis or base pairing between 
multiple vector genomes (Fig. 3.20). However, 
this strategy reduces the packaging capacity of 
the AAV vector even more, to half of the origi- 
nal length - around 2.3 kb [37]. 

As mentioned, the different AAV serotypes pro- 
vide an important advantage to these vectors, 
allowing the specific transduction of different types 
of cells without additional modifications. 
Additionally, some of these serotypes were shown 
to cross the blood-brain barrier, which opened a 
new avenue for the treatment of neurodegenerative 
diseases and the use of less invasive administration 
routes [38, 39]. In fact, efficient brain transduction 
was shown in several species such as mice, rats, 
cats and monkeys, after a systemic administration 
of AAV, especially for serotype 9. 

Despite its promising potential, the systemic 
administration of AAV still encounters some prob- 
lems: (1) while neuronal tropism is found in neona- 
tal animals, transduction in adult animals is 
specially observed in glial cells [38], (11) a reduc- 
tion in the transduced cells/volume ratio is observed 
in aged animals [40], and (111) the large titers used 
in preclinical studies suggest that much higher 
titers will be needed for human clinical trials. 


3.4.3 AAV Modifications 


Some of the key AAV modifications were devel- 
oped in order to overcome two of its main disad- 


vantages: the limited cloning capacity and the 
delayed transgene expression. However, several 
other modifications were also designed to 
increase their efficacy and the specificity of AAV 
vectors and to circumvent some gene delivery 
barriers. 

The presence of AAV neutralizing antibodies 
in the human population (Table 3.13) limits gene 
delivery by many natural vectors [41]. A simple 
form to circumvent this problem in clinical trials 
is to exclude patients with neutralizing antibod- 
ies; however the high percentage of human expo- 
sure to different AAV serotypes makes this 
approach less effective. Several other strategies 
were tested, such as (1) the use of empty capsids 
to adsorb anti-AAV antibodies, thus allowing the 
vector transduction, (11) the switching of the AAV 
serotype, or (iii) the engineering of AAV capsids 
to make them less susceptible to neutralizing 
antibodies. These latter strategies led to the 
development of hybrid AAV serotypes involving 
[42] (1) transcapsidation, in which the genome of 
one serotype is packaged into the capsid of a dif- 
ferent serotype; (11) adsorption modifications, in 
which peptides are absorbed on the AAV capsid 
surface; (111) mosaic capsids, in which the capsid 
is packaged with proteins from two AAV sero- 
types; and (iv) chimeric capsid development, in 
which capsid proteins are fused with foreign pep- 
tide sequences. Some of these strategies were 
also useful in altering AAV tropism, which can 
also be achieved through the use of heterologous 
promoters that increase the specificity of gene 


3.4 Adeno-associated Virus (AAV) 


1. ADSORPTION 


o9 ^ 
© 


of IN 
clathrin receptor 
2. INTERNALIZATION 


© [S 5. UNCOATING 
: / * 
clathrin-coated viral SSDNA 
vesicle / genome a ¥ 
b 
/ 6. DNA 


3. ENDOSOMAL 
RELEASE 





endosome 


IMPORT 





SYNTHESIS viral dsDNA 
/ genome $ 
8. VIRION ASSEMBLY : 
^ AND MATURATION 7 / 
i 7A. DNA 7 te, 
CIRCULARIZATION 









integrated 


-IN THE ABSENCE 
_ OF STRESSORS - 


Fig. 3.19 Replicative cycle of an adeno-associated 
virus, highlighting its main phases. The AAV replicative 
cycle starts with the binding of the viral particle to par- 
ticular cell receptors (1) and its internalization through 
receptor-mediated endocytosis (2). The next steps of the 
cycle include the endosome escape (3), entry into the 
nucleus through the nuclear pore complex (4) and uncoat- 
ing, leading to the release of the single-stranded viral DNA 
(5). After that, the complementary DNA strand is synthe- 
sized, from the ITR’s hairpin structures that act as primers 


expression to target cells and ensures high levels 
of expression of the transgene. 

Importantly, several developments were also 
made trying to overcome the major AAV limita- 
tion, which is the limited cloning size, namely 
by using “overstuffed” and dual AAV vectors 
[43]. In the former option, transgenes exceed- 
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for this process (6). The AAV replicative cycle is depen- 
dent on the presence of stressors, and if they are absent the 
double-stranded DNA molecule can circularize and 
became episomal (7A) or integrate into the cell genome 
(7B). However, if any given stressor is present (e.g., 
another virus), the AAV continues its replicative cycle 
with the translation of viral proteins (7C) and replication 
of its genome (7D). Finally, the viral components assem- 
ble (8) and mature virions are released from the cell. 


ing the AAV capacity are packaged as usual. 
However, this strategy reduces viral titer pro- 
duction, as well as the integrity and functional- 
ity of viral particles. In the dual vectors approach, 
the transgene of interest is divided into 5’ and 
3’ halves, using different methodologies 
(Fig. 3.21). 
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Table 3.14 Main advantages and disadvantages of 
adeno-associated viral vectors for gene delivery. 


Advantages Disadvantages 


Transduction of 
dividing and 
nondividing cells 


Delayed transgene 
expression 
Natural specific tropism | Limited cloning capacity 
Stable transgene 
expression 


Complex and time- 
consuming production 
Reduced inflammatory 
response 


Presence of neutralizing 
antibodies in the human 
population 

Reduced risk of 

insertional mutagenesis 


Scalable production 
methods 


3.4.4 AAV Production 


The most widely used method for producing 
recombinant AAV vectors (rAAV) involves the 
transient transfection of HEK293 cells with either 
two or three plasmids (Fig. 3.22) [44]. In the two- 
plasmid system, one of the plasmids corresponds 
to the AAV vector with the transgene flanked by 
the ITRs, and the second plasmid contains the 
AAV rep and cap ORFs without the ITRs and 
also adenoviral proteins providing helper func- 
tions. On the three-plasmid system, one plasmid 
is the AAV vector, with the transgene, the ITRs, 
the promoter and the polyA signal; the second 
plasmid is the helper plasmid containing adeno- 
viral regions El, E2, E3 and VA, which contrib- 
ute to genome replication; and a third plasmid 
contains AAV rep and cap genes, which are 
important for replication and capsid assembly, 
respectively. 

For large-scale productions, the transient 
delivery of plasmids increases the production 
cost as a high amount of DNA is required. 
Moreover, it requires serum-containing media, 
which could potentiate the toxicity of the viral 
preparation if not removed completely. Thus, 
other methods for AAV production integrate one 
or more components in mammalian cells (mainly 
HeLa cells) or insect production cell lines (used 
in this latter case in combination with baculovi- 
rus infection). The baculovirus production sys- 
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tem was used for the production of AAV 1-based 
gene therapy product Glybera?. These systems 
are scalable and can use serum-free media; how- 
ever, the presence of viral components other than 
AAV still compromises the viral preparation 
purity. 

As for any other viral system, the success of 
AAV production for clinical use relies on the 
quality of the purification. In the case of rAAV, 
the purification steps must ensure the separation 
of cellular and viral contaminants (protein, lip- 
ids and nuclei acids) and the removal of AAV 
empty capsids. For this, several purification pro- 
tocols are used, although they usually comprise 
five steps [45]: (1) cell harvesting, (11) cell lysis to 
release AAV particles, (111) removal of cellular 
and viral nucleic acids, (iv) particle separation by 
chromatography and (v) concentration and final 
sterile filtration. 


3.4.5 AAV in Clinical Trials 


Due to their important advantages, AAV vectors 
are being increasingly used in gene therapy clini- 
cal trials, targeting different conditions (Tables 
3.15, 3.16 and 3.17) [46-48]. The first commer- 
cially available gene therapy product (Glybera) 
in Europe used an AAV 1 delivery system to treat 
lipoprotein lipase deficiency. 


3.5 Herpes Simplex Virus 

Herpes simplex virus (HSV) is an enveloped 
virus belonging to the Herpesviridae family. 
Viral particles have around 155—240 nm in size 
and their structure contains four major elements: 
(1) a core (electron-opaque), that contains the 
viral genome; (ii) an icosahedral capsid sur- 
rounding the core, with a size of around 125 nm; 
(ii) an amorphous tegument surrounding the 
capsid; and (iv) an outer envelope with surface 
spikes (Fig. 3.23) [49, 50]. 

The HSV genome consists of a double- 
stranded DNA chain with approximately 152 kb 
in length, encoding around 84 genes (Fig. 3.24) 
[51]. The genome is composed of long (UL) and 
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Fig. 3.20 Adeno-associated virus engineering to pro- 
duce self-complementary vectors. Before the start of 
viral gene expression, common single-stranded AAV vec- 
tors have to reach the nucleus and the complementary 
DNA strand has to be produced. This process leads to a 
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third alternative was engineered to overcome these prob- 
lems, based on the development of self-complementary 
AAV (scAAV) vectors, in which both strands are packed 
in the same molecule (terminal resolution site - TRS). 
This alternative involves the reduction of the construct 
size to 2.3 kb, further decreasing the cloning capacity of 
the AAV. However, it increases the efficiency, speed, and 
levels of transgene expression. 
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Fig. 3.21 Strategies to improve the cloning capacity of 
adeno-associated viral vector, based on the development 
of dual vectors. In the overlapping strategy, each vector 
carries a fragment of the transgene coding sequence 
(CDS), both containing overlapping parts that are then 
joined together in the target cell. Despite being used with 
success in several studies, this strategy requires an exten- 
sive process of determining the optimal overlap sequence 
and can lead to unspecific transgene products. In the 
trans-splicing strategy, two vectors are used, each one 
containing a different part of the transgene CDS and dif- 
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ferent splicing sites. The entire expression cassette (pro- 
moter, transgene and polyA signal) is joined together in 
the target cell, through RNA splicing involving those 
sites. However, this process in not very efficient and can 
also lead to unspecific transgene products. The hybrid 
vector strategy combines the previous approaches to over- 
come the main problems found in each one. The vectors 
contain overlapping sequences of the transgene CDS and 
different splicing sites, increasing their efficiency com- 
pared to the other strategies. 
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Fig. 3.22 Outline of different strategies to produce 
recombinant adeno-associated virus, based on the 
transfection of two or three plasmids. In the two-plasmid 
system, one of the transfected plasmids corresponds to the 
AAV vector with the transgene flanked by the ITRs, and 
the second plasmid contains the AAV rep and cap ORFs 
without the ITRs and also adenoviral proteins, providing 


short (US) segments, each one flanked by 
an internal repeat (IR) and a terminal repeat (TR). 
Each TR is localized at one end of the DNA 
strand. Another interesting feature of the HSV 
genome is the classification of its genes as acces- 
sory or essential. As the name implies, the acces- 
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helper functions. On the three-plasmid system, one of the 
transfected plasmids is the AAV vector, with the trans- 
gene, the ITRs, the promoter and the poly-A signal, the 
second plasmid is the helper plasmid encoding adenoviral 
helper proteins, and the third plasmid contains the AAV 
rep and cap genes. 


sory genes can be deleted without significantly 
compromising the virus replication, although 
this may limit the HSV replicative cycle in vivo. 
On the other hand, the deletion of essential HSV 
genes impairs the virus replication cycle. 
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Table 3.15 Example 1 of a gene therapy clinical trial using adeno-associated viral vectors as the delivery system of the 


therapeutic gene. 


Study 


Disease 


Therapeutic gene 
Delivery vector 
Clinical trial 
Inclusion criteria 


Type of 
administration 
Clinical outcome 


Bartus, R. T., et al. (2013) Safety/feasibility of targeting the substantia nigra with AAV2- 
neurturin in Parkinson patients, Neurology 80, 1698—1701 

Parkinson's disease (PD), which is a common neurodegenerative disease characterized by 
motor impairments, mainly resulting from the progressive degeneration of dopaminergic 
neurons in the substantia nigra that project axons to the striatum, where dopamine is 
released 

Neurotrophic factor neurturin (NRTN) (CERE-120) 

AAV2 in three doses: 4 x 10!! vg (vector genomes), 5.4 x 10!! vg and 24 x 10!! vg 
Open-label phase I study for safety and feasibility, with a 2-year follow-up in the USA 
Six patients with advanced PD in 2 dose cohorts with a 1-month interval between each 
surgery and a 5-week space between the low-dose and high-dose cohorts 

Local delivery of CERE-120 bilaterally in the substantia nigra and in three sites in the 
putamen 

No serious adverse events were reported, suggesting good tolerability of the procedure. No 
increase in AAV antibodies or detectable NRTN antibodies was found in patients’ serum. 
Despite being a safety study, the 2-year follow-up data suggests a decrease in motor 
behavior abnormalities. 


Table3.16 Example 2 of a gene therapy clinical trial using adeno-associated viral vectors as the delivery system of the 


therapeutic gene. 


Study 


Disease 


Therapeutic gene 
Delivery vector 
Clinical trial 
Inclusion criteria 
Type of 


administration 
Clinical outcome 


3.5.1 


Replicative Cycle 


Tardieu, M., et al. (2014) Intracerebral administration of adeno-associated viral vector 
serotype rh.10 carrying human SGSH and SUMF1 cDNAs in children with 
mucopolysaccharidosis type IIIA disease: results of a phase I/II trial, Hum Gene Ther 25, 
506—516 

Mucopolysaccharidosis type IILA disease (MPSIIIA or Sanfilippo syndrome type A) is an 
autosomal recessive disease caused by a mutation in the SGSH gene, encoding a lysosomal 
protein (heparin-N-sulfamidase). MPSIIIA is a severe disease with a median age of death of 
15.4 + 4.1 years. 

An expression cassette with two genes: wild-type SGSH cDNA and wild-type SUMFI 
cDNA 

AAV2 genome packaged into a serotype rh.10 capsid (AAVrh.10-hMPS34A) produced by a 
two-plasmid co-transfection procedure in HEK293T cells (7.2 x 10!! vg/patient) 

Phase I/II clinical study evaluating the intracerebral administration of AAVrh.10-hMPS3A, 
combined with immunosuppressive treatment, with a 1-year follow-up in France 

Four patients with 18 months-6 years of age; onset of MPSIIIA clinical manifestations in 
the first 5 years of age; SGSH activity in peripheral blood cells <10% of control levels 
Local administration of 12 injections (360 ul each), bilaterally targeting the white matter 
anterior, medial, and posterior to the basal ganglia 

No adverse events related with the injected product were reported. Also, no increase in the 
number of infection events was detected, neither any sign of toxicity related with the 
immunosuppressive drugs. Efficacy results were moderate, with a stabilization in brain 
atrophy in 2 patients and a slight improvement in behavior, attention, and sleep in 3 
patients. 


plasm. This structure is then transported to the 
nucleus (probably in a microtubule-dependent 


The HSV replicative cycle begins with the viral 
entry into the host cells, which is mediated by the 
attachment of viral glycoproteins to the cell sur- 
face receptors. After that, the viral envelope fuses 
with the cellular membrane and releases the 
tegument-capsid structure into the cell cyto- 


manner), where its genome is released. Inside the 
nucleus, the transcription of early HSV genes 
starts immediately, whereas host cell gene tran- 
scription and posterior RNA processing events 
are inhibited, thus promoting viral genome 
expression. After the start of viral DNA replica- 
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Table3.17 Example 3 of a gene therapy clinical trial using adeno-associated viral vectors as the delivery system of the 


therapeutic gene. 


Study 


Jacobson, S. G., et al. (2012) Gene therapy for Leber's congenital amaurosis caused by 


RPE65 mutations: safety and efficacy in 15 children and adults followed up to 3 years, 


Arch Ophthalmol 130, 9—24 
Disease 


Leber congenital amaurosis (LCA) is an autosomal recessive retinal disease caused by 


mutations in the RPE65 genes, leading to deficiency of the encoded protein 


Therapeutic gene Wild-type RPE65 gene 


Delivery vector 
10? vg 
Clinical trial 
Inclusion criteria 
Type of 
administration 


Clinical outcome 


AAV? in five doses: 5.96 x 10? vg, 11.92 x 10!° vg, 8.94 x 10!° vg, 17.88 x 10'° vg, 7.95 x 
Open label, dose-escalation phase I study, with a 3-year follow-up in the USA 
Five cohorts in a total of 15 patients, 11—30 years of age 


Subretinal local injection: single in 3 cohorts and two injections in the last 2 cohorts 


The adverse events reported were only related with the surgery procedure, and no systemic 


toxicity was detected. An increase in AAV-targeting antibodies was only reported for one 
patient. In terms of efficacy, visual acuity improved in all the patients, in different levels 
(major improvements were observed in the eyes with the lower entry acuities) 


tion, the expression of late HSV genes begins, 
producing several structural components of the 
virus. Viral assembly starts in the nucleus and 
continues in the cytoplasm with the involvement 
of the Golgi complex. After the assembly, envel- 
oped viral particles are released through secre- 
tory vesicles (Fig. 3.25) [52]. 

An important feature of HSV is their ability to 
linger in a latent state, in which the viral genome 
persists episomally in a stable way, without 
expression of early or late genes. Only a set of 
non-translated RNA species (latency-associated 
transcripts — LATs), without any known function, 
are synthesized during latency. This HSV feature 
allows the virus to persist in the host even in the 
presence of an immune response, and undergo 
posterior reactivation. The reactivation of the rep- 
licative cycle depends on several factors, includ- 
ing the host immune status; however, the 
molecular events underlying this reactivation are 
not completely understood. 


3.5.2 From HSV to HSV Vectors 


At first glance, the use of HSV as vectors for 
gene therapy could seem inappropriate due to 
their reported high cytotoxic profile in humans. 
However, some HSV features make these viruses 
particularly useful as gene therapy vectors. For 


example, latent infection, which occurs particu- 
larly in neurons, makes HSV attractive as a gene 
therapy vector targeting the central nervous sys- 
tem (CNS). Other advantages include the large 
cloning capacity and the reduced risk of inser- 
tional mutagenesis, as HSV do not integrate into 
the host genome (Table 3.18). On the other hand, 
the high cytotoxicity associated with HSV and 
stimulation of a strong immune response are 
important drawbacks for their use in gene ther- 
apy. The genetic engineering of HSV, consider- 
ing its important features, led to the development 
of three different types of HSV vectors [49]: (1) 
replication-defective vectors; (2) replication- 
competent vectors and (3) amplicon vectors 
(Fig. 3.26). 


Replication-Defective Vectors 

The replication-defective vectors, as the name 
implies, are HSV where genes that are essential 
for replication were deleted or mutated. In HSV 
it is relatively simple to generate this type of vec- 
tor, since, although approximately 40 genes are 
essential, mutation of a single one of them is 
enough to produce a replication-defective vector 
[53]. Several combinations of gene deletions 
have been shown to successfully inhibit virus 
replication, while preserving some wild-type 
HSV advantages, like the ability to express trans- 
genes after having established latent infections in 
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Fig. 3.23 Herpes simplex virus structure highlighting surrounding the protein capsid. The capsid involves the 


its main components. The virus is composed of a lipid double-stranded DNA molecule that constitutes the viral 
bilayer envelope that contains an amorphous tegument genome. 
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Fig. 3.24 Overview of the genome of the herpes sim- 
plex virus, based on HSV-1. The double-stranded DNA 
molecule is about 152 kb in length and encodes approxi- 
mately 84 genes. The genome is composed of a long seg- 
ment (UL) and a short segment (US), separated by an 


internal repeats (IR). Each side of the molecule is flanked 
by strand terminal repeats (TR). HSV genes can be 
divided into two major groups: essential genes, which are 
needed for viral replication, and accessory genes, which 
can be deleted without compromising viral replication. 
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Fig. 3.25 Replicative cycle of a herpes simplex virus. 
The cycle starts with the attachment of viral glycoproteins 
of the envelope to the host cell receptors, mediating the 
viral entry (1). After that, the viral envelope fuses with the 
cellular membrane and releases the tegument-capsid 
structure into the cell cytoplasm (2). This structure is 
transported to the nucleus, where the viral genome enters 
(3). Although the DNA molecule is linear, inside the 
nucleus it undergoes circularization (4). Transcription of 
early viral genes starts immediately, whereas host gene 
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transcription and posterior RNA processing events are 
inhibited (5A). The HSV can latent within the cell, per- 
sisting episomally, without expression of viral genes (5B). 
If the cycle continues, then the next steps are viral replica- 
tion (6) and the expression of late genes, producing the 
structural elements of the virus (7). The capsid assembly 
starts in the nucleus (8), continues in the Golgi complex 


(9), and viral particles are finally released by exocytosis 
(10). 
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Table 3.18 Main advantages and disadvantages of her- 
pes simplex viral vectors for gene delivery. 


Advantages Disadvantages 


Transduction of 
dividing and 
nondividing cells 


Potentially toxic 


High cloning capacity | Transient expression of the 
of up to 50 kb transgene 
Natural tropism to High levels of pre-existing 
neurons immunity 


Easy production in 
high titers 


Stimulation of a strong 
immune and inflammatory 
response 

Risk of recombination with 
latent wild-type virus 


Long-term expression 
in neurons 


neurons. However, the associated HSV cytotox- 
icity was still a problem in these vectors. To over- 
come this issue, additional engineering was 
performed in these HSV replication-defective 
vectors; however, the deletion of toxic elements 
has some problems related to viral production. 


Replication-Competent Vectors 

Probably, for most gene therapy applications the 
ideal nucleic acid delivery vector must have 
attenuated toxicity and be fully replication- 
defective, while promoting a long-term and cor- 
rect expression of the transgene. On the contrary, 
for gene therapy applications targeting cancer, 
the use of replicative and toxic virus sometimes 
constitutes an advantage, especially if the effect 
is restricted to tumor cells. In this sense, HSV 
replication-competent vectors, where some 
nonessential genes are deleted, are used in onco- 
lytic gene therapy, retaining the ability to replicate 
only in tumor or dividing cells, but with a reduced 
or inexistent ability to replicate in nondividing 
cells [54]. This allows the HSV vectors to com- 
plete its lytic viral replication cycle in tumor 
cells and enhances intratumoral distribution, but 
importantly without producing toxicity problems 
in other cells. Despite being mostly used for can- 
cer treatment, this type of HSV vectors was also 
used in studies for CNS disorders. 


Amplicon Vectors 
HSV amplicon vectors are defective, helper- 
dependent vectors that carry a concatemeric form 
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of a plasmid DNA, named the amplicon plasmid, 
instead of the viral HSV genome, while main- 
taining the structural, immunological, and tro- 
pism features of wild-type HSV. The amplicon 
contains the expression cassette of interest, the 
HSV-1 origin of replication, and the HSV-1 pack- 
aging signal, and thus HSV amplicon vector pro- 
duction is dependent on a helper virus [55]. The 
HSV amplicon vectors have several advantages 
as a carrier for gene delivery: (1) a cloning 
capacity of up to 150 kb; (ii) no viral genes are 
present, which reduces the associated toxicity; 
and (iii) they maintain the ability to infect a wide 
range of cells. However, two important disadvan- 
tages have limited their use in gene therapy: (1) 
the final virus preparation has both the helper and 
the amplicon virus, which led to the development 
of toxicity events, and (ii) production of stable 
high-titer batches is difficult. 


3.5.3 HSV Modifications 


As mentioned before, HSV vectors were engi- 
neered to maintain some of the advantageous 
features of the wild-type virus while removing 
some of the deleterious characteristics. Most of 
HSV modifications were directed to the removal 
of replication genes and/or to the reduction of 
toxicity. Nevertheless, several other modifica- 
tions were tested in these vectors trying to 
improve/regulate transgene expression, to 
enhance production protocols and to continue 
improving vector safety. For most of gene ther- 
apy applications, a long-term expression is 
needed; thus some improvements were made in 
HSV amplicon vectors to achieve this goal. One 
strategy involves the development of hybrid 
amplicon systems, where the transgene capacity 
of HSV is combined with the potential of AAV to 
mediate the AAV 1 site-specific genomic integra- 
tion of transgene cassettes surrounded by the 
AAV ITRs. Another strategy uses transposons to 
achieve amplicon integration into the host 
genome. 

Several other modifications were developed 
for oncolytic applications, involving the use of 
tumor-specific promoters and vector re-targeting 
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Fig. 3.26 Overview of the different herpes simplex 
viral vectors used in gene therapy. In the replication- 
defective vectors, some essential genes (or simply one) are 
deleted, compromising the replication cycle. On the other 
hand, in the replication-competent vectors deletion of 
viral genes is restricted to accessory genes; these are 
mainly used for oncolytic gene therapy, as they are repli- 
cative. Finally, in the amplicon vectors all the HSV 


genome is deleted, with the exception of the origin of rep- 
lication and the packaging signal. Although they are safer 
and have a low toxicity profile, production of amplicon 
vectors is more complex, as it requires the infection of a 
replication-defective HSV to provide the viral proteins to 
the amplicon particles, thus producing a mixed population 
composed of both viruses. 
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Fig. 3.27 Strategies to produce herpes simplex ampli- 
con vectors. As amplicon vectors lack the viral pro- 
teins necessary for the production of functional particles, 
they have to be provided using different strategies. The 
producer line can be transfected with the amplicon plas- 
mid and then infected with a helper replication-defective 
HSV, to provide the required components for viral particle 


as strategies to increase HSV vectors specificity 
to tumor cells. Also, for cancer therapy, several 
HSV vectors were “armed” with genes that aug- 
ment their cytolytic ability, potentiating their 
therapeutic effect (see Sect. 3.9). 





Amplicon plasmid 
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formation. However, the viral batch produced will contain 
a mix of amplicon and helper viruses. An alternative could 
be the co-transfection of the amplicon plasmid with over- 
lapping cosmids containing the entire HS V genome (except 
for the packaging signal - HSV pac). This strategy will 
provide all the components for the amplicon virus forma- 
tion, without contamination of additional HSV, thus 
increasing their safety profile. 


3.5.4 HSV Production 


The production of HSV vectors has different 
needs depending on the type of vector. In the case 
of HSV replication-competent vectors, several 
points should be addressed both in the production 
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Table 3.19 Example of a gene therapy clinical trial using herpes simplex viral vectors as the delivery system of the 


therapeutic gene. 


Study 


Markert, J. M., et al. (2014) A phase I trial of oncolytic HSV-1, G207, given in 


combination with radiation for recurrent GBM demonstrates safety and 
radiographic responses, Mol Ther 22, 1048-1055 


Disease 
Therapeutic gene 
Delivery vector 


Glioblastoma multiforme (GBM) 
HSV-1 genes in combination with radiation 
Herpes simplex virus type I (G207, HSV-1 with deletion of essential genes for 


viral replication in normal cells) in one dose of 1 x 10° pfu (plaque-forming 


units) 
Clinical trial 


Inclusion criteria 
radiation therapy 


Type of administration 
Clinical outcome 


Open-label, clinical trial phase I, in one site in the USA 
Nine patients whose tumor had progressed despite surgery, chemotherapy and 


Local, direct inoculation of the G207 vector in multiple sites of the tumor 
Several adverse events were reported. Six of the nine patients had some 


improvements for at least one time point, and some displayed longer survival 
times compared to those normally expected. No HSV was detected in the serum 
of the patients at any moment of the study. The results suggest that single-dose 
HSV therapy combined with radiotherapy is safe and has an efficacy potential 


for GBM treatment. 


and in the application steps. In terms of produc- 
tion, considerable safety conditions must be 
ensured for operators, while, in terms of human 
applications, it must be guaranteed that no exac- 
erbated toxicity events increase the severity of 
the illness [56]. On the other hand, while HSV 
replication-defective vectors have improved 
safety for human gene therapy, their production 
is more challenging as the HSV replication 
components are not present [57]. This production 
issue is even more complicated in the case of 
amplicon HSV vectors, where almost all the HSV 
genes are missing (Fig. 3.27) [58]. The produc- 
tion of these two types of HSV vectors involves 
steps of in vitro recombination of different HSV 
elements cloned into plasmids, with wild-type 
HSV virus, and posterior selection and purifica- 
tion of the recombinant vectors. Furthermore, the 
production of amplicon HSV vectors involves a 
replication-defective vector as a helper virus, to 
provide the functions necessary for packaging 
the amplicon into infectious viral particles. This 
process, however, poses a problem similar to the 
one found in the production of gutless adenovi- 
rus, which is the contamination of the amplicon 
preparations with the helper virus. Trying to 
overcome this problem, another process of ampli- 
con HSV vectors was developed. It involves cell 


transfection of overlapping cosmids, covering the 
entire HSV genome [59]. Nevertheless, the cor- 
rect selection of full-recombinant vectors is 
essential for further production and purification 
steps, and therefore the method is laborious and 
currently with low efficiency. 


3.5.5 HSV in Clinical Trials 


As highlighted in the previous sections, HSV 
vectors have several advantages for gene therapy 
applications, especially those related to onco- 
lytic therapy. However, their toxicity and safety 
issues make their use more complicated than 
other viral vectors. Data from 2017 revealed that 
only 3.6% of the vectors used in gene therapy 
clinical trials are HSV. Nevertheless, in Europe 
and the USA, a suicide gene therapy with HSV 
for melanoma was approved, under the commer- 
cial name Imlygic® (talimogene laherparepvec). 
It uses an attenuated HSV-1 vector, presenting a 
deletion of ICP24.5 and ICP47 genes and the 
insertion of the granulocyte-macrophage colony- 
stimulating factor (GM-CSF) gene [60]. This 
approved therapy and several clinical trials [61] 
in their final stages highlight the potential of 
HSV as vectors for oncolytic therapy (Table 3.19). 
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Fig. 3.28 Vaccinia virus structure and its main com- 
ponents. Vaccinia viruses are large enveloped virus in a 
brick shape, formed by two membranes (in their extracel- 
lular enveloped virus form). The vaccinia genome, a linear 
double-stranded DNA molecule, is surrounded by a pro- 


3.6 Vaccinia 


Vaccinia virus belongs to the Poxviridae family of 
virus, being widely used and known as the first 
vaccine for smallpox. Vaccinia virus is among the 
largest viruses described, with a size of around 
250—350 nm, and a brick-like shape. It is an envel- 
oped virus, and its genome consists of linear dou- 
ble-stranded DNA with inverted terminal repeats 
and a terminal hairpin loop, with approximately 

190 kb in length and around 200 genes (Fig. 3.28) 

[62, 63]. Comparing to the viruses previously 

described in this chapter, vaccinia has two unique 

features: (1) its entire life cycle occurs in the cyto- 
plasm, and thus it does not integrate into the host 
cell genome; and (ii) it exists in two infectious 
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tein core wall, flanked on two sides by the lateral bodies, 
which are composed of protein. In the virus core, there are 


multiple viral proteins that are important for the rapid rep- 
licative cycle of the vaccinia virus. 


forms: an intracellular mature virus (IMV) and an 
extracellular enveloped virus (EEV ). 


3.6.1 Replicative Cycle 


Due to the unique characteristics of vaccinia 
virus, its replication cycle is also unique 
(Fig. 3.29) [63], relying on its own encoded pro- 
teins, which allow a very rapid and efficient cycle 
(around 10,000 copies of the viral genome are 
produced within the first 12 hours of infection). 
Another interesting feature is that vaccinia virus 
completely shuts down the host cell functions 
and inhibits the host protein synthesis, inducing a 
strong cytopathic effect. 
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Fig. 3.29 Replicative cycle of the vaccinia virus. The 
first step 1s the attachment of the virus to the cell mem- 
brane and its entry (1). Inside the cell, viral uncoating 
Occurs, releasing the virus genome and the early regula- 
tory proteins (2). These proteins are crucial for early viral 
genes expression (3) and the shutdown of the host cell 
functions (4). After that, in the cytoplasm, the viral 
genome is replicated (5) and the intermediate genes are 


Mechanisms of cellular entry of vaccinia and 
other poxvirus are still poorly understood, but as 
soon as it is in the cytoplasm, it undergoes a pro- 
cess of DNA uncoating and starts the first of 
three phases of gene expression. The transcrip- 
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expressed, coding for structural proteins (6). This is fol- 
lowed by the late viral genes expression, coding for early 
regulatory viral proteins (7). All the viral components are 
assembled (8), and, with the contribution of the Golgi 
complex, the viral particles are enveloped (9). Finally, the 
virions are released from the cell as intracellular mature 
virus, by cell lysis (10A), or as extracellular enveloped 
virus, by exocytosis (10B). 


tion of early genes, which typically encode the 
proteins needed for viral replication, starts 
before replication and uses the viral proteins that 
are encapsulated in the virus. In the second 
phase, intermediate genes encoding for struc- 
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tural proteins and late transactivators are 
expressed. The final gene expression phase leads 
to the production of structural proteins and early 
transcription factors that are packaged into new 
viral particles. The replication of the viral 
genome occurs in the endoplasmic reticulum 
between the early and intermediate expression 
phases. The genome and other components are 
then assembled in Golgi-derived vesicles in the 
cell cytoplasm. The IMV mature particles then 
move to the cell surface, where their outer mem- 
brane fuses with the cellular membrane, 
releasing EEV particles. 


Table 3.20 Main advantages and disadvantages of vac- 
cinia vectors for gene delivery. 


Advantages Disadvantages 
Wide tropism, infecting 


most mammalian cells 


Transient expression of 
the transgene 


High levels of transgene High levels of pre- 
expression existing immunity 
High cloning capacity Complex genetic 
of up to 75 kb engineering 


No genome integration Potential cytopathic 


effects 
Unknown function of 
many viral genes 


Extensive clinical 

experience 
Difficulty in using 
heterologous promoters 
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3.6.2 From Vaccinia Virus 
to Vaccinia Vectors 


Vaccinia virus is not an obvious choice as a vec- 
tor for gene transfer, as many of its features imply 
strong disadvantages for gene therapy 
(Table 3.20). On the other hand, its quick and 
efficient life cycle makes it very attractive as a 
vector for oncolytic gene therapy. Another impor- 
tant advantage is its large cloning capacity, of 
25 kb without deleting any viral gene and up to 
75 kb if some elements are removed [64]. 

The development of recombinant vaccinia 
virus vectors (rVVs) is achieved using different 
methods [63]: (1) homologous recombination tak- 
ing place inside the cell, although only 0.1% of 
the new virus will have the transgene; (11) in vitro 
ligation of the transgene with the vaccinia 
genome; (iii) use of bacterial artificial chromo- 
some (BAC) to carry the viral genome, allowing 
the production of recombinant viral genomes in 
bacteria instead of the mammalian cells used in 
the two previous approaches; and (iv) recombina- 
tion of vaccinia amplicons catalyzed by a lepori- 
poxvirus (Shope fibroma virus). 


Table 3.21 Example of a gene therapy clinical trial using vaccinia vectors as the delivery system of the therapeutic gene 


Study 


Mell, L. K., et al. (2017) Phase I Trial of Intravenous Oncolytic Vaccinia Virus (GL-ONC1) 


with Cisplatin and Radiotherapy in Patients with Locoregionally Advanced Head and Neck 
Carcinoma, Clin Cancer Res 23, 5696—5702 


Disease 
Therapeutic gene 
Delivery vector 
therapy) 
Clinical trial 
Inclusion criteria 


Locoregionally advanced head and neck carcinoma 
Vaccinia virus in combination with chemotherapy and radiation 
Vaccinia virus (GL-ONCI, developed as a novel class of immunotherapeutic agent for cancer 


Single-institution phase I dose escalation clinical trial in the USA 
19 patients distributed in 5 cohorts: cohort 1—3 one administration of GL-ONCI at 3 x 108 


pfu, 1 x 10? pfu, and 3 x 10? pfu, respectively; cohort 4: two administrations separated by 
5 days at 3 x 10? pfu; cohort 5: four administrations at days 3, 8, 15, and 22 at the same dose 


of cohort 3 and 4 


Type of Intravenous 
administration 


Clinical outcome 


Some adverse events were reported, although the intravenous administration of GL-ONCI 


was well tolerated in single and multiple escalating doses. In the follow-up study, 7 deaths 
and 7 treatment failures were registered, all cases with p16-negative tumors. The remaining 5 
treated patients had p16-positive tumors and were all alive and free of disease with median 


follow-up of 36 months. 


3.6 Vaccinia 


Budded virus 









Crystalline protein matrix 
- polyhedrin 


Fig. 3.30 Structure of baculovirus, highlighting the 
different forms of the virus. Baculoviruses have two 
forms, the budded virus (BuV) that spreads the infection 
in the host, and the occlusion-derived virus (ODV) that 
spreads the infection between hosts. Both forms have a 


3.6.3 Vaccinia Modifications 


The complexity of the vaccinia virus increases 
the difficulty of its genetic engineering, as well 
as the challenge to develop modifications improv- 
ing or attenuating some viral features. 
Nevertheless, in the last years, different studies 
tried to improve the viral system, for example, 
using stronger promoters, developing new and 
better methods for selection of recombinant 
viruses, and even trying the deletion of some 
viral genes needed for replication [65, 66]. 


Envelop 
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Occlusion-derived 
virus 








Occlusion body 


nucleocapsid barrel structure formed by VP39 protein, 
surrounding a circular double-stranded DNA molecule, 
and both are enveloped, although the envelope origin is 
different. The ODV are embedded in a crystalline matrix 
of proteins forming the occlusion bodies. 


3.6.4 Vaccinia Vector Production 


The classical production of recombinant vaccinia 
virus involves a recombination step, the selection 
of the recombinant virus, and a final step of con- 
secutive rounds of amplification of the selected 
recombinant virus. Alternatively, 
replication-defective vaccinia vectors can also be 
produced using a strategy similar to the one 
employed for gutless adenovirus and replication- 
defective HSV, which utilizes a complementing 
cell line with the essential viral genes. 


82 


I. PRIMARY INFECTION 


1.1. DISSOLUTION OF 
OCCLUSION BODIES 









d 


occlusion au 
body 
occlusion- 
-derived virion 


I.2. FUSION AND 


1.4. REPLICATION | 
AND ASSEMBLY 


budded virion 


Fig. 3.31 Replicative cycle of the baculovirus, high- 
lighting its complexity due to the different forms of the 
virus. The primary infection (I) is carried out by the 
occlusion-derived virus (ODV) that dissolves from the 
occlusion bodies (I.1). After that, ODV fuse with the cell 
membrane and are internalized (I.2), and in the cytoplasm 
the virus uncoating occurs (I.3). The next step is the repli- 
cation of the viral genome and the assembly of the differ- 
ent components of the budded virus (BuV; I.4), which 
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Il. SECONDARY INFECTION 


occurs near the cell membrane (I.5). The BuV form is then 
responsible for the secondary infection (II), entering the 
cell by endocytosis (II.1), where it is uncoated (II.2), rep- 
licated, and assembly of the viral structure takes place 
(II.3). Some assembled particles form new BuV (IL4), 
while the ODV are enveloped by the nuclear envelope 
(II.5), and several particles are grouped into the occlusion 
bodies (II.6). Finally, the occlusion bodies are released by 
cell lysis (II.7). 


3.7 Baculovirus 


Table 3.22 Main advantages and disadvantages of bacu- 
lovirus vectors for gene delivery. 


Advantages Disadvantages 

Large cloning capacity | Transient expression 
of up to 38 kb 

Easy engineering and Becomes inactivated in 
production human serum 


No replication in 
mammalian cells 


Unknown long-term effects 
in mammalian cells 


Transduce mitotic and 
post-mitotic cells 


Low cytotoxicity 
Stable at 4 °C 


3.6.5 Vaccinia in Clinical Trials 


Despite the referred limitations, several clinical 
trials have used vaccinia virus as a vector for 
gene delivery, especially in oncolytic therapy 
(Table 3.21) [67]. 


3.7 Baculovirus 

Baculovirus is a general name grouping more 
than 700 known viruses of the Baculoviridae 
family, that naturally infect insects. The proto- 
type baculovirus is the Autographa californica 
multiple nucleopolyhedrovirus (AcMNPV), 
which is a large enveloped virus with a rod shape 
(30-60 x 250—300 nm) [68]. Baculovirus has two 
forms, the budded virus (BuV) that spreads the 
infection in the host, and the occlusion-derived 
virus (ODV) that spreads the infection between 
hosts (Fig. 3.30) [69]. Both forms have a nucleo- 
capsid barrel structure formed by VP39 protein, 
but the BuV envelope derives from the host cell 
membrane, whereas the ODV envelope derives 
from the nuclear envelope. Moreover, ODV are 
embedded in a crystalline matrix of proteins to 
form occlusion bodies (OB). These OB confer 
protection in the environment but are destroyed 
when ingested by the host insect, allowing the 
continuation of the virus replicative cycle. The 
baculovirus genome is a circular double-stranded 
DNA molecule, with approximately 180 kb (the 
AcMNPV has a genome around of 134 kb) and 
more than 150 open reading frames condensed 
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into a nucleoprotein core with proteins VP39 and 
VP87 [70, 71]. 


3.7.1 Replicative Cycle 

Baculovirus has a relatively complex replication 
cycle, mainly due to its two different forms 
(Fig. 3.31) [72]. The ODV is responsible for the 
primary infection, which occurs when the 
host insect larvae ingest the OB, thus releasing 
the ODV into their midgut. The ODV infect 
columnar epithelial cells and produce the BuV 
forms, which then spread the infection through- 
out the larvae body. The entry of BuV into the 
insect cells seems mediated by endocytosis, 
which is also the proposed mechanism for bacu- 
lovirus entry into mammalian cells (probably 
through phagocytosis). In the cytoplasm, after 
endosome escape, the nucleocapsid travels to the 
nucleus where it releases the genome through the 
nuclear pore complex. Several studies suggest 
that the nucleocapsids also enter the nucleus, as 
some empty nucleocapsids have been found 
inside the nucleus of infected cells. The baculovi- 
rus genome inside the nucleus initiates the tran- 
scription cascade for the production of viral 
mRNAs and nucleocapsid elements. The viral 
components are assembled in the cytoplasm and 
after that BuVs are released from the cell. 


3.7.2 From Baculovirus 
to Baculovirus Vectors 


Baculovirus have many interesting features that 
make them very attractive vehicles for gene 
transfer (Table 3.22). For example, they have a 
large cloning capacity of up to 38 kb without 
deleting any viral gene, although, in theory, the 
size of the nucleocapsid can accommodate up to 
100 kb of additional DNA. Another interesting 
feature is that apparently baculovirus are unable 
to replicate in mammalian cells, which allows 
their use without having to delete any essential 
viral genes. On the side of the disadvantages is 
the fact that baculovirus vector-mediated expres- 
sion is transient. Also, the long-term effects of 
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3.9 Oncolytic Virus Applications 


baculovirus in mammalian cells are unknown, 
which could hinder their use for human applica- 
tions. Nevertheless, the FDA and EMA approval 
of human vaccine components produced in bacu- 
lovirus-infected insect cells constitutes an impor- 
tant advance for their future use in gene therapy 
trials. 


3.7.3 Baculovirus Modifications 


The pseudotyping of baculovirus envelope was 
one of the first modifications engineered, aiming 
to increase the range of cells infected. This 
included pseudotyping with the widely used 
VSV-G protein. To increase the specificity of cell 
transduction, different ligands were also intro- 
duced at the baculovirus surface. Baculovirus is 
also versatile in terms of heterologous promoters, 
and different tissue-specific or strong expression- 
driving promoters were introduced with success 
in these vectors. However, the first studies using 
recombinant baculovirus in vivo failed, probably 
due to their inactivation by serum components 
involved in the complement response. Since then, 
several strategies were designed to overcome this 
problem, such as using cobra venom factor (CVF) 
to inhibit complement response and enhance bac- 
ulovirus vector survival [73]. 


3.7.4 Baculovirus Production 


The baculovirus production process is relatively 
simple compared to other viral vectors described 
and can be conducted in low biosafety level facil- 
ities. The process involves the generation of 
recombinant baculovirus in insect cell lines and 
their posterior concentration and purification to 
obtain high-titer batches. The construction of 
recombinant baculovirus can be attained by dif- 
ferent methods, including transposition-based 
and homologous recombination methods. 
Importantly, recombinant baculovirus have 
been used to develop a system to produce other 
viral vectors, namely AAV and lentivirus. 
Recombinant AAV particle production in insect 
cells was achieved by the infection of these cells 
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with different recombinant baculoviruses that 
produce three AAV capsid proteins and other 
AAV genes essential for replication and packag- 
ing. For the generation of lentiviral vectors a 
similar strategy was used, with the production 
relying on four hybrid baculovirus containing the 
lentivirus genes and their infection in HEK293T 
cells, thus producing third-generation lentiviral 
vectors. The baculovirus-based system is able to 
produce high-titer AAV and lentivirus batches, 
with a similar in vitro and in vivo performance to 
those produced by conventional systems. 


3.7.5 Baculovirus in Clinical Trials 


The utilization of baculovirus in clinical trials is 
very limited, although pioneering applications 
were tested for influenza and lymphoma. 


3.8 | Choice of the Viral Vector 

It is clear from all the descriptions above that the 
choice of the viral vector used for gene transfer is 
critical for the success of a particular gene ther- 
apy strategy, and it is not an easy decision. 
Several important factors account for this choice, 
such as the cargo size needed and the immunoge- 
nicity profile of the virus, among many others 
(Table 3.23). Nevertheless, all the features of a 
particular viral vector should be taken into con- 
sideration when making this selection, since it 
should reflect several other aspects such as the 
administration route or the clinical application. 


3.9  Oncolytic Virus Applications 

As explained before, viral vectors have numerous 
advantages as carrier systems used to deliver 
genetic material and currently they are the prefer- 
ential vector in gene therapy. As mentioned for 
the HSV, viruses can also be used as oncolytic 
vectors, an application in which they can act both 
as carriers and therapy effectors. Oncolytic virus 
(OV) can be defined as genetically engineered or 
naturally occurring virus that selectively repli- 
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cate in and kill cancer cells, without harming nor- 
mal tissues. Normally, their effect combines 
tumor-specific cell lysis together with immune 
stimulation [74]. For this reason, they are now 
emerging as important agents in cancer treat- 
ment. One example is the first oncolytic drug 
that recently received approval in the USA and 
Europe, T-Vec® (talimogene laherparepvec), 
which is a second-generation modified HSV-1 
that was approved for the treatment of advanced 
melanoma. 

A wide range of viruses has already been 
tested as OV for cancer treatment, and they can 
be categorized into three main groups [75]: (1) 
wild-type viruses, which are viruses that natu- 
rally replicate preferentially in cancer cells and 
are normally non-pathogenic in humans, 
which include parvoviruses, myxoma virus 
(MYXV; poxvirus), Newcastle disease virus 
(NDV; paramyxovirus), reovirus, and Seneca 
Valley virus (SVV; picornavirus); (11) genetically 
engineered virus to be used as vaccine vectors, 
including measles virus (MV; paramyxovirus), 
poliovirus (PV; picornavirus), and vaccinia virus 
(VV; poxvirus); and (111) genetically manipulated 
virus harboring mutations/deletions in genes 
required for replication in normal cells, but not in 
tumor cells, which includes adenovirus (Ad), 
herpes simplex virus (HSV), VV, and vesicular 
stomatitis virus (VSV; rhabdovirus). 

The use of virus in oncolytic therapy has sev- 
eral advantages: (1) they can specifically replicate 
only in tumor cells, (11) they can potentiate their 
effect to neighboring tumor cells, (111) they enhance 
sensitivity to conventional therapy and (iv) they 
have the potential to target dispersed tumor cells. 
On the other hand, there are also some disadvan- 
tages to their use: (1) the immune system can clear 
the virus before the therapeutic action, (11) there is 
a low efficacy in gene transfer in vivo and (iii) 
there is a limited trafficking to some regions of the 
human body, among other limitations. 


This Chapter in a Nutshell 


* The main advantage of the viral-based sys- 
tems used in gene therapy is their high effi- 
ciency in delivering transgenes, and because 
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of that they have been extensively used in 
gene therapy clinical trials. 

On the other hand, the safety profile of viral 
vectors is one of the main drawbacks for their 
use, despite the extensive engineering solu- 
tions that are continuously being developed. 
Along with this feature, the limited cloning 
capacity to introduce transgenes is another 
disadvantage of their use. 

Lentiviral vectors are mainly based on HIV-1 
(retrovirus), which is characterized by the 
ability to integrate the carried transgene, the 
transduction of both mitotic and post-mitotic 
cells and a cloning capacity of around 8 kb. 
Several modifications were made in lentiviral 
vectors to improve their safety profile, leading 
led to the development of four generations of 
vectors. Other improvements include the gen- 
eration of self-inactivating particles, non- 
integrative virus and a wide range of 
pseudotyping options. 

Gamma retrovirus-based vectors are also ret- 
rovirus, although their genome structure is 
simpler than lentivirus. The cloning capacity 
is around 8 kb; however, they only transduce 
mitotic cells. 

Adenoviral vectors are based on adenovirus, 
which are non-enveloped DNA viruses, being 
the most widely used viral vector in gene ther- 
apy clinical trials. 

Depending on the generation, adenoviral vec- 
tors can have varying transgene cloning capac- 
ity; up to 30 kb in gutless adenoviral vectors. 
Adeno-associated viral (AAV) vectors are 
based on the AAV, that harbors a single DNA 
molecule comprising two open reading 
frames. Its cloning capacity is around 4.5 kb. 
One interesting feature of AAV is the existance 
of a wide range of serotypes with different cel- 
lular tropisms, resulting from the presence of 
capsid protein motifs that are identified by dif- 
ferent neutralizing antibodies. 

The herpes simplex viral vectors are mainly 
based on the HSV-1, which is mainly charac- 
terized by a natural tropism to neurons, a high 
cytotoxic profile and a cloning capacity of up 
to 150 kb in the amplicon vector version. 
Several modifications were developed to 
improve HSV vectors' safety profile; how- 


Review Questions 


ever, the high toxicity of HSV makes it very 
useful for oncolytic applications. 

Despite their seldom use in gene transfer, vac- 
cinia virus vectors have some interesting 
advantages that could be explored, such as a 
quick and efficient replicative cycle, as well as 
a cloning capacity of 25 kb without the dele- 
tion of any viral genes. 

Baculovirus vectors’ use in gene therapy is 
very limited, although the FDA and EMA 
approval of human vaccine components pro- 
duced in baculovirus-infected insect cells con- 
stitutes an important advance for their future 
use in gene therapy trials. 

An oncolytic virus can be defined as a geneti- 
cally engineered or naturally occurring virus 
that selectively replicates and kills cancer 
cells, without harming the normal tissues. 


Review Questions 


1. Which of the following viral vectors induces a 


potentially high inflammatory profile? 

(a) Adenoviral vectors 

(b) Herpes simplex virus vectors 

(c) Recombinant AAV vectors 

(d) Lentiviral and gamma retroviral vectors 

(e) Gutless adenoviral vectors and herpes 
simplex virus vectors 

. Which of the following viral vectors has the 

highest cloning capacity? 

(a) Recombinant AAV vectors 

(b) Gamma retroviral vectors 

(c) Herpes simplex virus vectors 

(d) Second-generation adenoviral vectors 

(e) Lentiviral vectors 


3. Which of the following sequences enumer- 


ates virus in the order of increasingly difficult 

genetic engineering? 

(a) AAV, vaccinia, adenovirus 

(b) Vaccinia, baculovirus, lentivirus 

(c) AAV, lentivirus, adenovirus 

(d) Gamma retrovirus, AAV, vaccinia 

(e) Vaccinia, lentivirus, herpes simplex 
vector 


4. Which of the following describes a vector 


with the ability to transduce post-mitotic cells, 
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has a long-term expression in vivo, and has an 
easy production process? 

(a) Gutless adenoviral vectors 

(b) Lentiviral vectors 

(c) Herpes simplex virus vectors 

(d) Baculovirus vectors 

(e) Gamma retrovirus vectors 


. Which of the following sequences enumerates 


virus in the order of increasing oncolytic 

potential? 

(a) Lentivirus, AAV, baculovirus 

(b AAV, herpes simplex virus, gamma 
retrovirus 

(c) Gutless adenovirus, lentivirus, herpes 
simplex virus 

(d) Lentivirus, adenovirus, AAV 

(e) AAV, adenovirus, herpes simplex virus 


. The development of strategies to inactivate 


retroviral vectors constituted a major advance 

in the improvement of their safety profile. 

How was this accomplished? 

(a) Deletion or modification of the U3 region 
of the LTRs 

(b) Reverse transcriptase inactivation 

(c) Integrase modification 

(d) gal and pol deletion 

(e) Modification of envelope proteins 


. Lentiviral vectors can lead to transgene inte- 


gration. Is it possible to revert this viral fea- 

ture? How? 

(a) No, use AAV as an alternative 

(b) Yes, by having integrase protein without 
packaging signal 

(c) Yes, by mutating the integrase protein 

(d) No, use non-viral vectors as an alternative 

(e) Yes, by deleting the LTRs 


. Which of the following features better define 


an oncolytic vector? 

(a) With replication, with transgene integra- 
tion and with expression in every cell 

(b) Without replication, without transgene 
integration and with expression in tumor 
cells 

(c) With replication, hard to produce and 
with expression in every cell 

(d) Without replication, easy to produce and 
with expression in tumor cells 

(e) None of the above 
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As mentioned before, the choice of a particular 
vector for gene delivery is a critical point in the 
success of gene therapy. From the details pre- 
sented in the previous chapters concerning 
the different possible vectors, important conclu- 
sions emerge. First, an ideal vector should com- 
bine several features, ensuring both safety and 
efficacy. Second, there are advantages and disad- 
vantages for each of the described vectors, and 
the choice between them is very much dependent 
on the target disease/condition. All in all, a cor- 
rect selection is a crucial point for the success of 
a particular gene therapy. 

In order to ensure the success of a particular 
therapeutic approach, vectors need to over- 
come several barriers. These barriers can be 
grouped into three main categories: extracellu- 
lar barriers, intracellular barriers and techni- 
cal barriers (Fig. 4.1). It is clear that, for non-viral 
systems, overcoming most of the barriers is espe- 
cially challenging, and many of them could 
explain the lower gene delivery efficiency non- 
viral vectors display when compared to viral vec- 
tors. Nevertheless, some of the barriers also pose 
an obstacle for gene delivery mediated by viral 
vectors, for example, some physiological barriers 
or the immune response (Table 4.1). Additionally, 
one important point is that some barriers may not 
be present or be relevant in specific gene therapy 
applications. For example, extracellular barriers 
do not apply to ex vivo gene therapy, and over- 
coming endothelial barriers is not a very relevant 
issue if local delivery to cells/tissue is performed. 
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4.1 Extracellular Barriers 


4.1.1 Unspecific Interactions 
This barrier to gene delivery refers to nonspecific 
interactions of the vectors with molecular or cel- 
lular components that could reduce their specific- 
ity and efficiency. It is particularly important and 
relevant if a systemic administration route is 
used, affecting mainly the non-viral chemical 
vectors, such as liposomes or polymers [1]. 

Physicochemical characteristics such as the 
charge or size of the vectors can lead to nonspe- 
cific interactions with serum protein or 
enzymes (vectors with a positive charge can 
interact with negatively charged proteins and 
enzimes, for example), thus resulting in a 
decrease of efficiency. Additionaly, vectors may- 
interact nonspecifically with cell surface mole- 
cules such as glycosaminoglycans, also leading 
to a decrease in their efficiency. The interaction 
of these non-viral vectors with some plasma 
compounds leads to their opsonization, causing 
aggregation, dissociation, and degradation of the 
DNA-vector complex. Furthermore, the presence 
of degradative enzymes in the bloodstream can 
lead to the degradation of the DNA, if it is not 
well protected inside the vector. In the case of 
viral vectors, systemic delivery can also be inef- 
ficient if the vector is not able to evade immune 
detection. 

The extracellular matrix poses another barrier, 
as it provides additional conditions for unspecific 
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BARRIERS TO GENE DELIVERY 


Extracellular 


1. Unspecific interactions 


2. Endothelial barriers 


3. Inflammatory and 
immune response 


4. Nuclear delivery 


Intracellular 


1. Cellular uptake 


2. Endosomal escape 


3. Intracellular trafficking 


Technical 


1. Physical restrictions 


2. Cellular targeting 


3. Gene persistence 


4. Sustainable transgene 
expression 


Fig. 4.1 Overview of the main barriers to gene delivery, categorized in extracellular, intracellular, and technical 


barriers. 


Table 4.1 Relevance of the different barriers to gene 
delivery, for viral and non-viral vectors. 


Viral Non-viral 

vectors vectors 
Unspecific interactions + +++ 
Endothelial barriers +++ +++ 
Inflammatory and immune | +++ + 
response 
Cellular uptake + pps 
Endosomal escape + TAY 
Intracellular trafficking + +++ 
Nuclear delivery + 3 
Physical restrictions t +++ 
Cellular targeting +++ djs 
Gene persistence +++ PE 
Sustainable gene +++ papa 


expression 


+++ Barrier more relevant 


interactions, especially for non-viral vectors. The 
extracellular matrix is a complex and dense net- 
work of molecules that fill the spaces between 
cells. Thus, the vectors can interact in a nonspe- 
cific manner with the matrix components, pre- 
venting their binding to the cellular membranes 
and further entry into (or uptake by) the cells. 
Different modifications of chemical non-viral 
vectors were developed to minimize the 


occurence of unspecific interactions, such as pro- 
tecting the DNA from nuclease activity by using 
cationic liposomes (e.g., DOTAP:DOPE) or 
using PEGylated lipids and polymers (lypids and 
polymers combined with polyethylene glycol - 
PEG) to prevent aggregation of the vectors [2]. 


4.1.2 Endothelial Barriers 


If a systemic delivery route 1s used for gene deliv- 
ery, another set of barriers appears. The endothe- 
lium functions as a major barrier at the interface 
between the blood and the tissues, by limiting the 
entry of plasma, cells and molecules from the cir- 
culation into the organ parenchyma [3]. Thus, it 
is clear that both viral and non-viral vectors must 
be able to cross this barrier in order to reach the 
target cells/tissue. 

For example, the blood-brain barrier (BBB) 
constitutes an important and efficient endothelial 
barrier to gene delivery in the central nervous 
system (CNS), and even most of the viral vectors 
are unable to cross it. The BBB is a highly 
restricting barrier, regulating the movement of 
molecules, ions and cells between the blood 
and the CNS, thus tightly controlling CNS 


4.2 Intracellular Barriers 


homeostasis (Fig. 4.2). It is now known that the 
loss of the restrictive proprieties of the BBB 
underlies the pathogenesis and progression of 
several neurological diseases [4]. 

Despite being restrictive, there are diverse 
pathways that transport molecules across the 
BBB (Fig. 4.2), which can be explored to facili- 
tate the entry of the vector (and the therapeutic 
gene) into the CNS. For example, adding an anti- 
transferrin receptor antibody to the liposome sur- 
face allows particles to cross the BBB, due to the 
presence of transferrin receptors at the surface of 
endothelial cells and a receptor-mediated phe- 
nomenon of transcytosis [5]. Another strategy 
includes the incorporation of a short peptide 
derived from rabies virus glycoprotein (RVG-9r) 
into the liposomes. RVG-9r has a known tropism 
for the CNS, thus providing the ability for the 
liposomes to cross the BBB [6]. As already men- 
tioned in the previous chapter, some adeno-asso- 
ciated virus (AAV) serotypes are also able to 
cross the BBB and can thus be used in the sys- 
temic delivery of genes targeting the CNS [7]. 


4.1.3 Inflammatory and Immune 


Response 


The immune response probably constitutes one 
of the major barriers to gene delivery, and it tar- 
gets both non-viral and viral vectors. In a gene 
therapy context, the reaction of the immune sys- 
tem to exogenous molecules and their carriers is 
divided into two main responses: innate immu- 
nity and adaptive immunity (Fig. 4.3) [8]. 

The innate immune response occurs shortly 
after gene delivery and consists of a rapid secre- 
tion of proinflammatory cytokines and chemo- 
kines and a nonspecific global stimulation of the 
immune system. This secretion of proinflamma- 
tory factors can be restricted to the administration 
site, if local delivery is used, or be more wide- 
spread in the case of systemic delivery. 

The adaptive immune response occurs later, 
with the recruitment of antigen-presenting cells 
(APCs) that process and expose antigens, the 
activation of lymphocytes) and the production of 
proinflammatory cytokines. It includes a cell- 
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mediated response component, involving 
T-cell (CD4+ and CD8+) and natural killer (NK)- 
cell recruitment, and a humoral response compo- 
nent mediated by B-cells, that is characterized by 
the production of neutralizing antibodies specific 
to the vector or transgene-derived antigens. 

Despite being relevant for both types of vectors, 
the activation of the immune response is particu- 
larly important if gene delivery is mediated by viral 
vectors [9]. For example, adenoviral and herpes 
simplex vectors elicit a strong immune response, 
both innate and adaptive. On the contrary, AAV and 
lentiviral vectors do not elicit a strong innate 
response, although AAV can lead to an adaptive 
immune response due to the presence of neutraliz- 
ing antibodies for the different serotypes [10]. The 
immune response against the viral vector or to the 
transgene contributes to a decrease of gene transfer 
efficiency, to the elimination of the therapy or the 
treated cells over time and even to the production 
of massive inflammation reactions. The death of 
Jesse Gelsinger was caused by an exacerbation of 
the innate immunity triggered by the injection of 
heavy doses of adenoviral vectors [11]. 

Being a crucial barrier to gene delivery, sev- 
eral strategies were developed and tested to cir- 
cumvent the immune response, including 
lowering the vector doses, delivering the gene to 
immune-privileged sites (e.g., the eye), modify- 
ing the genome and structure of the vector or per- 
forming immune suppression [12]. 


4.2 Intracellular Barriers 


4.2.1 Cellular Uptake 

The entry of the carrier vector into the target cell, 
crossing the plasma membrane, constitutes the 
first intracellular barrier to gene delivery. Despite 
being a relevant barrier for both types of vectors, 
cellular internalization is a problem mainly for 
non-viral vectors. 

Cellular membranes serve as selective barriers 
to the entry of molecules into cells. Small com- 
pounds can diffuse across the membrane pas- 
sively, whereas the entry of polar and large 
molecules is achieved through transporter pro- 
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Fig.4.2 Main pathways for molecule transport across 
the blood-brain barrier (BBB). The BBB is a highly 
restricting barrier formed by capillary endothelial 
cells and astrocytes, that regulates the movement of mol- 
ecules, ions and cells between the blood and the central 
nervous system. The capillary basement membrane con- 
tacts with the processes of astrocytes, and these cells 
interact with neurons. Since the BBB is selective, several 
mechanisms exist in order to transport specific molecules 
across it. The carrier-mediated transport machineries 
(e.g., Glut1) are responsible for the transportation of small 


endogenous molecules, such as amino acids and glucose 
(1). The transcellular lipophilic pathway corresponds to 
the passive diffusion of small lipid-soluble substrates (2). 
The paracellular pathway is primarily used by small 
hydrophilic molecules (3). Adsorptive transcytosis is a 
low-capacity route for the receptor-independent passage 
of some molecules, such as albumin (4). Receptor- 
mediated transcytosis is responsible for the transportation 
of large molecule, through receptor-mediated endocyto- 
sis/transcytosis (5). 


4.2 Intracellular Barriers 
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Fig. 4.3 Innate and adaptive immunity, as a response 
to exogenous molecules delivered in gene therapy. The 
innate immune response occurs shortly after gene deliv- 
ery and involves several players. The epithelial barriers 
(A) act as physical and chemical obstacles, preventing the 
passage of the molecules from circulation to the tissue. If 
molecules overcome this barrier, different phagocytic 
cells, or phagocytes (B), will engulf the exogenous mole- 
cules and destroy them. Macrophages, for example, rec- 
ognize exogenous molecules, engulfing and destroying 
them through phagocytosis. They can also release cyto- 
kines to signal and recruit other cells. Dendritic cells are 
specialized antigen-presenting cells, that along with mac- 
rophages act as a bridge between the innate immune sys- 
tem and the adaptive immune system. Certain plasma 
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proteins (C) can lead to the opsonization of the carrier 
molecules and/or to their destruction. Finally, the natural 
killer (NK) cells (D) destroy cells that were modifyed by 
the exogenous molecules, upon recognition by specific 
receptors. The adaptive immune response occurs later, 
with the recruitment of antigen-presenting cells carrying 
the antigens, the activation of both CD4+ and CD8+ 
T cells (E), and the production of proinflammatory cyto- 
kines. Another component of this system is the activation 
of B-cells (F), which express antibodies on their cell sur- 
face. B-cell are activated when they encounter their target 
antigen and then quickly divide in order to produce either 
memory B-cells or effector B-cells, which differentiate 
into antibody-segregating plasma cells. 
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teins or by the formation of vesicles. In the case 
of large molecules, their entry occurs through dif- 
ferent mechanisms collectively named endocyto- 
sis. This process actively transports molecules 
into the cells through vesicles, and functions as a 
way for the cells to process and destroy danger- 
ous particles (like viruses or bacteria) and reshape 
the membrane surface. In a very broad sense, 
endocytosis can be divided into two main steps: 
(1) binding to the membrane, followed by mem- 
brane deformation, and (i1) intracellular sorting. 
The endocytic vesicle cargo includes membrane 
proteins and their extracellular ligands, which 
after internalization are involved in different pro- 
cesses such as cell signaling or nutrient uptake. 

Several endocytic pathways have been 
described so far, but the main, well-characterized, 
pathways are phagocytosis, micropinocytosis, 
clathrin-mediated endocytosis, caveolae-medi- 
ated endocytosis and clathrin- and caveolin-inde- 
pendent endocytosis (Fig. 4.4) [13]. These 
pathways differ in several features, including the 
size and morphology of the vesicles formed, the 
cargo and the proteins involved (Table 4.2). For 
example, in phagocytosis, very large vesicles (up 
to 1000 nm) are formed, whereas in caveolae- 
mediated endocytosis the vesicles have a size of 
around 50 nm. The different entry pathways and 
their features are extremely important in the 
development of non-viral vectors for gene deliv- 
ery. For example, anionic polymers enter the 
cells via caveolae-mediated endocytosis, whereas 
neutral or cationic polymers use the clathrin- and 
caveolin-independent mechanisms [14]. 

Several strategies and improvements were 
developed trying to enhance the ability of non- 
viral vectors to penetrate the membrane, such as 
conjugating the vectors with cell-penetrating 
peptides (CPPs), which are short peptides able to 
carry cargoes and cross the membrane without 
affecting its structural integrity [15]. Other strate- 
gies are based on the use of ligands (e.g., trans- 
ferrin), that are coupled to the vector and 
bind to particular cell surface receptors (e.g., 
transferrin receptor). This facilitates entry 
because the vector is internalized when the ligand 
undergoes receptor-mediated endocytosisis [16]. 

In the case of viral vectors, the natural cellular 
entry mechanisms used by viruses can be 
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explored or altered. Viral-mediated entry into the 
cells requires specific interactions between host 
cell receptors and proteins of the viral envelope 
or capsid, often named viral attachment proteins 
(VAP). For enveloped viruses, the cellular entry 
is accomplished by fusion with the cellular mem- 
brane. For non-enveloped viruses, normally, the 
entry is mediated by a specific mechanism of 
endocytosis, such as clathrin-mediated endocyto- 
sis [17]. In order to alter the cellular entry charac- 
teristics of a particular viral vector, the system 
can be engineered for example, with capsid/enve- 
lope molecules from another virus. 


4.2.2 Endosomal Escape 


Endo-lysosomes are probably the most important 
intracellular barrier to the delivery of genetic 
material to cells. Endocytosis mechanisms are 
the most common route for nanoparticle uptake, 
and following cellular entry the endocytic vesi- 
cles become accessible to early endosomes, 
before the fusion with late endosomes and finally 
with lysosomes, where their content is degra- 
dated (Fig. 4.4). The lysosome, as an organelle 
specialized in digestion, with a low pH and 
hydrolytic enzymes, is an important hurdle to be 
overcome by vectors entering the cells. Of course, 
the specific endocytic pathway mediating vector 
internalization will be determinant to its fate, as 
some pathways favor degradation, while others 
favor endosomal accumulation and sorting in a 
non-degradative manner [18]. 

This barrier is particularly important for non- 
viral vectors, as viruses have evolved efficient 
systems for endosomal escape and release. For 
example, and as mentioned above, the cellular 
entry of enveloped viruses is mediated by fusion 
with the cellular membrane, directly delivering 
the internal part of the virus into the cytoplasm 
and thus avoiding the endo-lysosome pathway. 
Non-enveloped viruses escape the endosome by 
lysing the vesicle membrane or by generating a 
pore that allows their release [19]. 

The understanding of the mechanisms of viral 
and bacterial escape is very important in the 
development of improvements that allow non- 
viral vectors to escape the endo-lysosomal path- 
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Fig. 4.4 Overview of the different endocytosis mecha- 
nisms. Cellular membranes act as selective barriers to the 
entry of external molecules. Small compounds can pas- 
sively diffuse across the membrane, whereas polar and 
large molecules enter through transporters or through ves- 
icles. The latter case involves different mechanisms col- 
lectively called endocytosis. In the case of clathrin and 
caveolin-independent endocytosis, molecules enter the cell 
through invagination of the cellular membrane, indepen- 
dently from the clathrin and caveolin proteins (1). This 
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mechanism is used by some neutral and cationic polymers 
to enter the cells. The formation of endocytic vesicles in 
caveolae-mediated endocytosis and clathrin-mediated 
endocytosis depends on caveolin (2) and clathrin, respec- 
tively (3). Macropinocytosis (4), involves engulfment and 
uptake of large amounts of fluids, particles and mem- 
branes portions. Finally, phagocytosis (5) is a cellular entry 
mechanism for very large particles (20.5 um), which are 
engulfed by sizeable plasma membrane protrusions. 
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4 Barriers to Gene Delivery 


Table 4.2 Main features of the different endocytosis pathways 


Morphology Vesicle size | Cargoes Proteins implicated 
Phagocytosis Cargo shaped | 1000 nm Pathogens, apoptotic remains | Actin, dynamin, IQGAPI, 
amphiphysinl, Rho kinase, 
adhesion proteins 
Macropinocytosis Disarranged 500 nm Fluid phase markers, tyrosine | Actin, PAKI, PI3K, Ras, 
kinase receptor Src, HDAC6 
Clathrin-mediated Vesicular 100 nm Tyrosine kinase receptor, Dynamin, clathrin, AP2, 
endocytosis protein-coupled receptors, epsin, SNX9, 
transferrin receptor, anthrax | synaptojanin, actin, 
toxin amphiphysin and others 
Caveolae-mediated Vesicular/ 50 nm CTxB, SV40, GPI-linked Dynamin, caveolins, 
endocytosis tubovesicular proteins PTRE, src, PKC, actin 
Clathrin- and Tubular/ 50-80 nm Fluid phase markers, CTxB, | ARHGAPIO, actin, 
caveolin-independent | ring-like GPI-linked proteins, SV40, GRAF 1, other GRAFs, 


endocytosis 


way. For example, the use of binding agents such 
as cationic amphiphilic peptides (AMPs) seems 
capable of creating pores in the vesicle mem- 
brane [20]. Another strategy uses agents prone to 
protonation (e.g., histidine-rich molecules), that 
induce a high influx of ions and water into the 
endosome, leading to its rupture [21]. Another 
strategy that is widely used in non-viral vec- 
tors development is their coupling with bacteria 
and virus proteins/peptides that are relevant for 
escaping from the endo-lysosome pathway. For 
example, viral peptides like the HA2 subunit of 
hemagglutinin (HA) or the HIV-1 trans-activator 
gene product (Tat) are commonly incorporated in 
non-viral vectors [19]. 


4.2.3 Intracellular Trafficking 

After escaping the endosome, the vectors must 
deliver their genetic material to the nucleus. 
This intracellular transport barrier is also impor- 
tant, especially for non-viral vectors, as they 
must ensure the trafficking to the nucleus and 
protect the genetic material from degradation by 
cytoplasmic nucleases. The incorporation of spe- 
cific molecules such as polyethylenimine (PEI) 
in non-viral vectors allows safe intracellular 
transport of the DNA cargo through the microtu- 
bules to the nucleus. 


Integrins 


CLICs, dynamin 


4.2.4 Nuclear Delivery 


After reaching the nucleus, the vectors must 
finally ensure the passage of the transgene 
through the nuclear envelope and the nuclear 
pores. The entry of the genetic material into the 
nucleus seems to occur through three possible 
routes [22]: (i) incorporation during mitosis, 
when the nuclear envelope is disrupted; (ii) 
by diffusion through the nuclear pore complex 
(NPC), for molecules smaller than 10 nm; and 
(i1) by active transport through the NPC, for 
molecules smaller than 25 nm. For postmitotic 
cells, the first option is not possible; thus, viral 
and non-viral vectors must ensure gene delivery 
using the other two options. One common strat- 
egy to enhance nuclear delivery is to add a nuclear 
localization signal/sequence (NLS) to the trans- 
gene, thus promoting its attachment to proteins 
that naturally enter the nucleus through the NPC. 


4.3 Technical Barriers 


4.3.1 Physical Restrictions 

It is clear from the previous description of several 
barriers that size matters; the total vector size is a 
crucial factor, with larger particles having more 
difficulty in overcoming extracellular and intra- 
cellular barriers. In the development of non-viral 
vectors, the size is particularly important, as it 


This Chapter in a Nutshell 


can determine the cellular entry mechanism and, 
therefore, the subsequent intracellular traffick- 
ing steps. Size is also important in the case of 
viral vectors, considering their limited cloning 
capacity. This capacity can limit the size of 
the transgene to be used and conditionate the type 
of viral vector that is chosen. 


4.3.2 Cellular Targeting 


Another important technical barrier in gene ther- 
apy, which affects both viral and non-viral vec- 
tors, is cellular targeting, which concerns the 
ability to ensure a correct and specific targeting 
of the transgene to the desired cells. Proper tar- 
geting will ensure a higher efficacy of the therapy 
and, importantly, will also contribute to reduce 
adverse effects and toxicity events related to off- 
target delivery. The local administration of the 
vectors can overcome this problem to a certain 
extent; however, for many applications, 
this approach is too invasive and therefore not an 
option. In the case of viral vectors, some instances 
of natural tropism can be explored, although this 
strategy can be largely restricted to a limited 
number of cells/tissue types. As already men- 
tioned, for non-viral vectors specific ligands can 
be incorporated at the surface, thus directing 
gene delivery to the target cells. 


4.3.3 Gene Persistence 


The main goal of gene therapy is to ensure, when- 
ever possible, a onetime solution therapy. Thus, 
the difficulty in maintaining gene expression over 
time is a technical barrier that should be over- 
come to ensure the success of the therapy. This 
point is even more critical in dividing cells, where 
exogenous episomal DNA could be lost during 
cell division. However, in nondividing cells, this 
point may also be relevant, as gene expression 
could be lost over time, for example due to epi- 
genetic repression. The possibility that some 
viral vectors offer a long-term gene expression 
due to genome integration seems the solution for 
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this barrier, although this possibility is not so 
straightforward as (1) there is the chance of inser- 
tional mutagenesis caused by the transgene, (11) 
the transgene expression levels may be very dif- 
ferent (higher or lower) than the physiologi- 
cal requirements, and (111) loss of gene expression 
due to different repression mechanisms can occur 
over time. 


4.3.4 Sustainable Gene Expression 


As highlighted above, it is important to ensure 
persistence of the expression of the inserted gene. 
Furthermore, it is also important to guarantee that 
the inserted transgene is transcribed and trans- 
lated in the amounts required for it to elicit a 
therapeutic effect, while avoiding toxicity/satura- 
tion events. Moreover, it would be favorable that 
transgene expresison could be turned off in case 
adverse effects were observed, using, for exam- 
ple, the systems for controlling gene expression 
that were already described (see further details in 
Chap. 1). 


This Chapter in a Nutshell 


* To ensure a correct and efficient delivery of 
genes, the vector must overcome several 
extracellular and intracellular barriers. 
Moreover, several technical barriers must also 
be considered in gene therapy. 

* The main extracellular barriers to gene deliv- 
ery include unspecific molecular interactions, 
the existence of endothelial barriers and the 
immune response. 

* The intracellular barriers to gene delivery 
include limitations of cellular uptake, 
endosome-lysosome escape, intracellular traf- 
ficking and nuclear delivery. 

e In terms of technical barriers, physical restric- 
tions, cellular targeting limitations, 
and the difficulty to guarantee gene persis- 
tence and sustainable gene expression are 
among the most important challenges to gene 
delivery. 
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Review Questions 


1. Why is the immune response a particularly 


important extracellular barrier when using 
viral vectors to gene delivery’? 


(a) Because viral vectors enter the cell using 
membrane receptors 

(b) Because viral proteins elicit a strong 
immune response 

(c) Because viral vectors only activate the 
innate immune response 

(d) Because viral proteins elicit immune 
suppression 

(e) Because viral vectors cannot deliver 


genes into immune-privileged sites 


2. Which of the following strategies is not used 


to enhance the ability of non-viral vectors to 

escape the endo-lysosome pathway? 

(a) Binding with agents that create pores in 
the endocytic vesicles 

(b) Use of agents prone to protonation 

(c) Use of neutralizing antibodies 

(d) Use of viral peptides 

(e) Use of bacterial proteins 

. The delivery of a transgene using a non-viral 

vector with 50 nm to nondividing cells failed 

to reach the nucleus. Which of the following 

features could explain the failure? 


(a) The use of non-viral vectors is exclusive 
to dividing cells 

(b) The nuclear pore complex does not allow 
particles of the size used 

(c) The gene was not integrated in the cell 
genome 

(d) The gene did not have a nuclear localiza- 
tion signal 

(e) The gene size was more than 250 kb 


4. Which of the following is not considered a 


technical barrier to gene delivery? 
(a) Physical restrictions 

(b) Unspecific interactions 

(c) Cellular targeting 

(d) Gene persistence 

(e) Sustainable gene expression 
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Stem cells are non-differentiated and unspecial- 
ized cells characterized by their ability of self- 
renewing by proliferating through symmetric 
division, which maintains the pool of stem cells. 
On the other hand, these cells can also undergo 
asymmetric division, resulting in two different 
cells, one stem cell and another cell that becomes 
compromised into one cell lineage and gives rise 
to mature specialized cells. Stem cells are present 
in all stages of human development, from the 
zygote to adulthood. During embryogenesis, they 
are responsible for tissue and organ formation. 
Although in adults they are present in much 
smaller numbers, they are still present in specific 
regions, germinative niches, with the important 
role of tissue maintenance and regeneration. 
However, in adults the tissue regeneration ability 
of these cells in some organs like the brain is very 
limited. 

Stem cells can be classified according to their 
source (origin) and potency, i.e., the range of 
different types of cells they can give rise to upon 
differentiation (Fig. 5.1). Thus, according to 
potency, stem cells can be classified as totipo- 
tent, pluripotent, multipotent, and unipotent. 
Totipotent stem cells can, upon differentiation, 
originate all types of cells, from the three germi- 
nal layers (endoderm, mesoderm, and ecto- 
derm), and originate also the support structures 
necessary for embryo development (placenta 
and umbilical cord). Pluripotent stem cells can 
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originate all the cells of the three germinal lay- 
ers upon differentiation, but cannot give rise to 
embryo development support structures. 
Multipotent stem cells are compromised to one 
of the germinal layers, only giving rise to cells 
of that layer. Finally, unipotent stem cells will 
only originate one type of cell [1]. 

Concerning the source of these cells, they 
can be classified in accordance with (1) the stage 
of development of the organism from which 
they were isolated, as adult, fetal and embry- 
onic; (ii) the type of tissue from which they 
were isolated, as bone marrow mesenchymal 
stromal cells (BM-MSCs), adipose tissue mes- 
enchymal stromal cells (AD-MSCs) and the 
umbilical cord blood mesenchymal stromal 
cells (UC-MSCs) [1]; or (411) the manner these 
cells were generated, as induced pluripotent 
stem cells (PSC) or chemically induced plurip- 
otent stem cells (CiPSC). These different types 
of stem cells have been widely explored in cell 
replacement therapy applications, and the 
choice of the type of cells to be implemented is 
dependent on the therapeutic purpose and on the 
tissue to be regenerated. 

Additionally, stem cells have also been used 
to develop new experimental models that 
serve as human in vitro models of organs that 
are very difficult to access, such as the brain. 
Moreover, with the establishment of human 
iPSC, cultures of human iPSC-derived neurons 
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Fig. 5.1 Different sources of stem cells available for 
stem cell-based therapies. Stem cells are non- 
differentiated and unspecialized cells that can be classi- 
fied in accordance with their source (origin) and potency, 
i.e., the range of different types of cells they can give 
rise to upon differentiation. Totipotent stem cells can orig- 
inate all the different types of cells of the organism, plus 
the supporting structures required for embryo develop- 
ment; pluripotent stem cells also originate all the different 
types of cells present in the organism but are not capable 
of giving rise to the structures supporting embryo devel- 
opment; and multipotent stem cells are compromised into 
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have been modeled in vitro, and also 3D mini- 
human brains, with the organoid technology [1 ]. 

This chapter describes different types of stem 
cells available to be used in cell replacement 
therapeutic strategies, with a special focus on 
adult and fetal neural stem cells (NSC), embry- 
onic stem cells (ESC) and iPSC, and discusses 
new cell-based tools and models, such as organ- 
oids and 3D bioprinting. Although many of the 
examples provided concern aspects related to 
therapy and modeling of the nervous system, 
stem cell technology can be applied to the vast 
diversity of organs, tissues and cell types of the 
organism. 
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one of the germinal layers and therefore can only origi- 
nate cells from the ectoderm, mesoderm or endoderm. 
Totipotent cells are present in the morula after fertiliza- 
tion, while pluripotent stem cells can be obtained by 
reprogramming somatic cells into induced pluripotent 
stem cells or can be obtained in the inner cell mass of the 
blastocyst (embryonic stem cells). Pluripotent stem cells 
and can be induced into multipotent stem cells and more 
specialized cells through tissue specification and cell dif- 
ferentiation procedures, serving as 2D and 3D human dis- 
ease models and sources of cells to be implemented in cell 
replacement strategies. 


Adult and Fetal Neural Stem 
Cells 


5.1 


Presently, it is widely known that human adult 
tissues have niches of stem cells that are respon- 
sible for tissue maintenance and repair. The adult 
brain is no exception, presenting niches of NSC, 
in specific regions such as the subventricular 
zone (SVZ), the subgranular zone (SGZ) in the 
dentate gyrus of the hippocampus, the external 
germinal layer of the cerebellum, the striatum, 
the substantia nigra and the cortex [2], which are 
activated in trauma episodes [3]. However, the 
number of stem cells available and the repair 
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potential of these cells is very different depend- 
ing on the tissue where they are present. 
Unfortunately, the repair ability of the adult brain 
is very limited, which could be in part explained 
by the low plasticity of the adult brain. 
Consequently, and at the present, the most effi- 
cient neuroregeneration results described were 
obtained through the transplantation of NSC, 
instead of only relying on the activation of the 
niches of neural stem cells. 

Adult NSC have the capacity for self-renewal, 
which maintains the pool of stem cells, and are 
also multipotent cells that, upon differentiation, 
originate cells of the nervous system, namely 
neurons, astrocytes and oligodendrocytes [1, 4]. 
These cells can be isolated from the adult ner- 
vous system (in the niches previously enumer- 
ated) and also from fetal brains. Adult NSC can 
be easily and safely maintained and expanded for 
months in chemically defined culture media, 
which offer a renewable source of NSC that can 
be used as in vitro models and also as a source of 
cells to be used for brain transplantation experi- 
ments [3]. Upon transplantation, these cells can 
trigger several repair mechanisms, namely cell 
replacement and neuroprotection. Cell replace- 
ment is achieved through the substitution of the 
dead neuronal cells, given that the transplanted 
cells have the ability to migrate to the injured 
brain region and differentiate into new cells. 
Neuroprotection is mediated by two mecha- 
nisms: (1) production of neurotrophic factors, like 
BDNF, GDNF, and NGF [4, 5], which will 
increase the survival and performance of the host 
neurons and glia, and (i1) positive modulation of 
the immune system, reducing neuroinflammation 
[4, 6, 7], which is associated with brain injury 
and neurodegenerative diseases and that actively 
contributes to neuronal death [8]. Although NSC 
can positively modulate brain injuries and neuro- 
degenerative diseases through both neuroprotec- 
tion and cell replacement, it remains unclear 
whether these cells become functionally inte- 
grated into the host neuronal network in an exten- 
sion that undoubtedly contributes to the 
improvements triggered by NSC transplantation. 
Several reports of NSC transplantation into adult 
brains indicate a small extension of integration of 
new neurons [9]. 
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The results of the transplantation of human 
fetal tissues into patients with Parkinson’s dis- 
ease are particularly noteworthy, namely, fetal 
mesencephalic substantia nigra obtained from a 
13-week-old fetus that dramatically improved 
both rigidity and dyskinesia symptoms [10], and 
also the deep brain transplantation of fetal brain 
tissue that restored local dopamine synthesis and 
storage, thus alleviating the disease motor symp- 
toms [11-13]. However, in some cases, trans- 
plantation led to more heterogeneous results, as 
in some patients with Huntington’s disease, the 
benefits from the grafts seem to be temporary [1]. 

Nevertheless, the use of human fetal tissues for 
clinical applications is associated with important 
ethical limitations (Table 5.1), given that the tis- 
sues are obtained from fetuses of spontaneous 
abortions [13] and the use of human fetus tissues 
for research purposes is highly controversial and 
even illegal in some countries [3]. An additional 
problem is the high number of cells/tissues 
required for human transplantation, as a single 
patient may require cells from three to eight 
donors [3], which increases the difficulty to obtain 
enough donors to perform a clinical study with 
several patients. Furthermore, the different 
donors' source may trigger immunological prob- 
lems and compromise the success of the interven- 
tion. Moreover, cells used for transplantation have 
to be characterized regarding their safety profile, 
namely for contamination with infectious agents, 
genetic instability (normal karyotype) due to their 
extensive expansion and endotoxin levels [13]. 
This increases the complexity of the transplanta- 
tion process with fetal neural stem cells. 

Overall, despite some encouraging results 
using fetal stem cells, the important ethical ques- 
tions, associated and some less promising stud- 
ies, make them still not the ideal source of cells 
for broader therapeutic applications. 


5.2 Embryonic Stem Cells 

Human embryonic stem cells (ESC) are undiffer- 
entiated pluripotent stem cells, derived from the 
inner cell mass of the  blastocyst of 
preimplantation-stage supernumerary or nonvia- 
ble embryos, obtained from in vitro fertilization 
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Table 5.1 Main advantages and disadvantages of the different stem cells used in cell therapy. 


Cell potency | Sources Main problems 
Fetal/ Multipotent | Fetus and adult | Ethical concerns; prone 
adult brain 
stem 
cells batch 
ESC Pluripotent | Embryos Ethical concerns; prone 
to immune rejection 
iPSC Pluripotent | Cell Safety aspects are under 
reprogramming | evaluation 


[14]. ESC have an unlimited self-renewal abil- 
ity and, upon differentiation, they can originate 
cells from all three primary germ layers. They are 
capable of dividing without differentiating for a 
prolonged period in culture and can be propa- 
gated indefinitely, maintaining a normal karyo- 
type and without undergoing senescence [15]. In 
fact, there is evidence that ESC have significantly 
improved DNA repair capacity and telomerase 
activity, which along which particular mitochon- 
drial and epigenetic changes [16] may explain the 
lack of senescence observed in ESC, as compared 
to somatic cells. 

The remarkable genetic stability, the unlim- 
ited ability to proliferate and the ability to give 
rise to any type of specialized cell make ESC the 
ideal source for cell-based therapies. A remark- 
able study conducted in a patient with Parkinson’s 
disease, who was transplanted with human cells 
derived from embryonic ventral mesencephalon, 
demonstrated that these cells could survive up to 
24 years after the transplantation event. Moreover, 
the authors observed major motor improvement, 
recovery of striatal dopaminergic function, graft- 
derived dopaminergic reinnervation of the puta- 
men, and no evidence of immune response [17]. 

Despite the promising results obtained with 
ESC so far [1, 11, 17, 18], their use in clinical 
practice is involved in high ethical controversy 
(Table 5.1), due to the fact that the generation of 
ESC lines require the destruction of human 
embryos, even thoughsupernumerary or non-via- 
ble human embryos have been used. These ethi- 
cal problems have placed an enormous pressure 
in the development of alternative human pluripo- 
tent stem cell sources, such as the induced plu- 
ripotent stem cells. 


to immune rejection; difficult 
reproducibility from batch to 


Main advantages 

Some degree of specialization, 
which could make differentiation 
easier 


High cell proliferation rate; ability 
to originate all different types of 
cells 

High cell proliferation rate; ability 
to originate all different types of 
cells; devoid of ethical concerns 


Stem Cells Generated 
Through Cell 
Reprogramming 


5.3 


Although cell reprogramming only became an 
attractive research field 1n 2006, with Yamanaka 
and collaborators’ breakthrough work [19], the 
reprogramming concept is prior to that. In fact, 
already in 1958, somatic cell nuclear transfer 
(SCNT), which entails the transfer of the nucleus 
of a somatic cell to the cytoplasm of an enucle- 
ated oocyte, was used to reprogram cells [20]. 
Cell fusion, involving the fusion of the adult cell 
to be reprogrammed with an embryonic stem 
cell, had also been previously performed [21, 
22]. Nevertheless, given the technical complexity 
of these strategies, the process described by 
Yamanaka, involving the generation of induced 
pluripotent stem cells from somatic cells through 
the expression of defined factors, has become 
much more widely used, being quickly adopted 
and adapted by several labs, definitively boosting 
the cell reprogramming research field (Fig. 5.2). 


5.3.1 Induced Pluripotent Stem 


Cells (iPSC) 


Fully differentiated somatic cells can be repro- 
grammed into a pluripotent state, which enables 
them to originate other cell types. These cells that 
were reprogrammed and induced into a pluripo- 
tent state are designated as induced pluripotent 
stem cells (1PSC) [19]. However, cell reprogram- 
ming does not necessarily require that cells go 
through the pluripotent state; it is possible to 
directly reprogram cells from one differentiated 
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Fig. 5.2 Overview of the cell reprogramming process, highlighting the different cells that can be used as starting 
material, as well as the diversity of the reprogramming factors and methods to deliver them into the cells. 
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lineage to another differentiated lineage (e.g., from 
fibroblasts to neurons), without going back to an 
intermediate stem cell state, the so-called direct 
reprogramming or transdifferentiation [21, 23]. 

In many aspects, iPSC are very similar to natu- 
ral pluripotent ESC, namely regarding their mor- 
phology, cell potency, immortal growth, high cell 
proliferation rate, stem cell markers (as pluripo- 
tency markers) and chromatin methylation patterns 
(related to pluripotency). Besides these phenotypic 
characteristics, both cell types also share the ability 
to originate embryoid bodies (multicellular struc- 
tures similar to embryonic development), to form 
teratomas (tumors containing the three germ lay- 
ers observed during embryogenesis) and to origi- 
nate viable chimeras, which proves them able to 
give rise to all tissues [15, 23]. 

Cell reprogramming can be achieved by the 
forced expression of four reprogramming factors 
[19] important in ESC function, Sox-2, KIf4, 
Oct4, and c-Myc, which will drive cells into a 
pluripotent state. Other alternative reprogram- 
ming factor combinations have been identified 
and tested, such as Sox-2, Oct4, Lin28 and Nanog 
[15, 22, 24]. Additionally, these factors can be 
replaced and/or aided by small molecules that 
boost cell pluripotency, improving the efficiency 
and safety of the process. 

The four reprogramming factors described by 
Yamanaka play important roles in stem cell pluri- 
potency, in the control of cell proliferation and in 
apoptosis. Octamer-binding transcription fac- 
tor 4, Oct4, also known as POUSFI, represses 
genes related to cell differentiation; therefore, it 
is responsible for preserving cell pluripotency 
[22, 23]. Sex-determining region Y-box 2, Sox-2, 
is a mitotic bookmarking transcription factor that 
remains bound to chromosomes during mitosis 
and regulates phenotypic maintenance of stem 
cells at the mitosis M-G1 transition. It has been 
demonstrated that the absence of this embryonic 
stem cell transcriptional factor at the M-G1 tran- 
sition impairs pluripotency maintenance. The 
V-myc avian myelocytomatosis viral oncogene 
homolog, c-Myc, is not essential for cell repro- 
gramming, although this proto-oncogene 
increases the process efficiency by increasing the 
proliferation rate. However, the overexpression 
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of this gene increases the levels of the p53 pro- 
tein, which may drive cells into apoptosis. 
Nevertheless, this effect is compensated by the 
Krüppel-like factor 4, KIf4, which increases the 
p21 protein levels, decreasing the proliferation 
rates and p53 levels, thereby reducing apoptosis 
risk [22, 23, 25]. 

Reprogramming of differentiated cells into 
iPSC has been extensively studied in the last 
decade; consequently, several strategies and pro- 
tocols have been developed to induce cell pluri- 
potency. The most common method uses 
retroviral delivery of the reprogramming factors, 
which enables the genomic integration of the fac- 
tors important for pluripotency. However, lentivi- 
ruses and retroviruses integrate into the genetic 
material randomly, thereby increasing the proba- 
bility of endogenous oncogenes activation and 
of triggering insertional mutagenesis and tera- 
toma formation. To overcome this issue, excis- 
able systems have been used, like the Cre-loxP 
and PiggyBac transposon system that allows the 
transgenes excision after the reprogramming is 
done, as well as non-integrative viruses, such as 
adenovirus and Sendai virus. Additionally, non- 
viral strategies such as the use of liposomes, 
polymers and nucleofection to deliver DNA plas- 
mids containing the reprogramming factors can 
also be used [22, 23]. Besides the reprogramming 
factors, it is possible to obtain iPSC through the 
delivery of (1) synthetic RNA encoding the repro- 
gramming factors, (ii) proteins and miRNA that 
target the pluripotency genes, and (111) small mol- 
ecules that will act in cellular pathways involved 
in pluripotency, namely in DNA methylation and 
chromatin condensation [15, 23]. 

Besides the choice of the delivery method/ 
vehicle, another important aspect to consider 
when deciding on the reprogramming protocol is 
the type/source of cells to be reprogrammed. In 
fact, the efficiency and kinetics of reprogram- 
ming are different for different types of cells. For 
example, it has been reported that keratinocytes 
have a higher reprogramming efficiency as com- 
pared to fibroblasts and that immature cells are 
easier to be reprogrammed when compared to 
differentiated cells [24]. Finally, the cell growth 
culture conditions, namely, the supporting matrix, 
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culture medium composition and factors or small 
molecules used, will, naturally, influence cell 
characteristics and the reprogramming efficiency 
and success. 


5.3.2 Chemically Induced 
Pluripotent Stem Cells (CiPSC) 


One of the major concerns regarding the safety of 
iPSC and their derived cells is that they have been 
generated through the introduction of genomic 
modifications, frequently using viral vectors. 
Therefore, to avoid these genomic modifications, 
one approach that gained relevance in the last 
years is the use of small chemical compounds to 
trigger cell pluripotency. Small molecules have 
been used in combination with reprogramming 
factors to improve reprogramming efficiency, 
but they can completely replace the reprogram- 
ming factors. Chemical reprogramming has sev- 
eral advantages over genetic manipulation, 
namely, that (1) it allows better regulation over 
protein function through a tight control of the 
drug concentration used; (ii) it permits a better 
temporal control, given that drugs can interact 
with their targets quickly and their effect is 
reversed/ended by removing the drug; and (111) it 
is a simpler and cheaper strategy, as compared to 
the use of viral vectors [15, 21]. Nevertheless, 
small molecules can trigger off-target effects 
affecting proteins with similar conformation 
[15], and thus the safety of this strategy is also 
under evaluation. 


5.3.3 Epigenetic, Metabolic 
and Cellular Pathway 
Modulation by Small 
Molecules to Induce 
Pluripotency 


The small molecules that have been used in 
reprogramming protocols are modulators of epi- 
genetics, metabolism, cell signaling, apoptosis 
and cell senescence [26], which are processes 
and pathways that are manipulated during cell 
reprogramming. 
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Epigenetics refers to gene expression control 
mechanisms that are independent of the DNA 
sequence. The two main epigenetic modulator 
classes are DNA methylation and histone acety- 
lation/methylation. DNA methylation inhibits 
transcription by blocking the access of transcrip- 
tion factors to the gene promoters. Silent genes 
(in terms of transcription), such as pluripotency 
genes, frequently have hypermethylated promot- 
ers. Thus, the reactivation of these hypermethyl- 
ated genes is required for an efficient/complete 
reprogramming. Histones are structural proteins 
that bind DNA into chromatin; they are also epi- 
genetic regulators because their modifica- 
tion alters the degree of chromatin condensation, 
dictating the access to genes and consequently 
their transcription. DNA expression is modulated 
through the methylation and acetylation states of 
the histones [15, 23, 26]. The three major classes 
of small molecules that act as epigenetic regula- 
tors are (1) DNA methyltransferases (DNMT) 
inhibitors, such as RG108 and 5-aza-2’-cytidine 
(decitabine), which prevent DNA methylation 
mediated by DNMT enzymes; (11) histone deacet- 
ylase (HDAC) inhibitors, such as suberoylani- 
lide, trichostatin A and valproic acid, which avoid 
the removal of acetyl groups from lysine residues 
of histones performed by HDAC enzymes; and 
(111) histone methyltransferase (HMT) inhibitors, 
such as BIX-01294, which prevent histone meth- 
ylation mediated by these enzymes, repressing 
transcription. 

The modulation of cell signaling has also been 
explored in several protocols, and it was demon- 
strated that Rho kinase, glycogen synthase kinase 
3 (GSK-3), transforming growth factors (TGF) 
receptors and mitogen-activated protein kinase 
(MAPK) are capable of enhancing cell repro- 
gramming [26]. Moreover, the use of BIX-01294, 
an HMT inhibitor, and BayK8644, an L-type cal- 
cium channel agonist, in combination with 
Oct3/4 and KIf4 triggers the transition of fibro- 
blasts into iPSC [21, 26]. The use of HDAC 
inhibitors reduces the propensity for cell differ- 
entiation, increasing the self-renewing capaci- 
ties and leading to an enhancement of the 
reprogramming efficiency. One known example 
of these types of molecules is valproic acid, com- 
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monly used in reprogramming protocols to 
replace the proto-oncogene c-Myc [23, 26], aim- 
ing to reduce the risk of tumor formation. Vitamin 
C also improves reprogramming efficiency; it 
induces DNA methylation, reducing cellular dif- 
ferentiation tendency and senescence [15]. 
Notably, researchers have described the gen- 
eration of iPSC with only seven small molecules 
[26]: VCOTFZ (valproic acid), CHIR99021 (an 
inhibitor of GSK-3 kinases), 616452 (RepSox), 
tranylcypromine, forskolin, 2-methyl-5- 
hydroxytryptamine (2-Me-5HT) and D4476. 


5.3.4 Direct Reprogramming 
Mediated by Reprogramming 
Factors and/or Small 
Molecules 


The process of pluripotency induction has been 
raising safety concerns related to the potential 
development of tumors by pluripotent stem cells. 
Therefore, several alternative protocols of cell 
reprogramming in which cells do not pass through 
a pluripotent state have been developed. The cell 
reprogramming process, in which a somatic cell 
acquires the identity of a different somatic cell 
(e.g., a fibroblast becomes a neuron) without 
going through a pluripotent intermediate stage, is 
designated by direct reprogramming [27, 28]. 

In the case of neurons, for example, direct 
reprogramming has been accomplished through 
the following procedures: 


(1) Forced expression of neuronal transcription 

factors such as Ascll, Brn2 and Mytll [29]; 

(i) Chemical manipulation of cellular pathways 
regulating neuronal fate, through which 
chemical-induced neurons (CiN) can be 
obtained using seven molecules - valproic 
acid, CHIR99021, RepSox, forskolin, 
SP600125, GO6983 and Y27632 [26]; 

(111) Forced expression of specific miRNA, such 
as miR-9/9x and miR-124 [30]; 

(iv) The downregulation of RNA-binding pro- 
teins PTB/nPTB [31] or pl6-p19 [27, 32]. 
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On the other hand, it is also possible to directly 
convert somatic cells into NSC that later can be 
induced to differentiate into neurons. Direct 
chemically induced NSC (CiNSC) are possible to 
obtain with only three small compounds: valproic 
acid, CHIR99021 and RepSox (an inhibitor of 
TGF pathways) [26]. Thus, there are several 
approaches to obtain neuronal cells by reprogram- 
ming somatic cells. Nevertheless, the obtained 
cells reflect the process used; in particular, epigen- 
etic memory is retained from the cells of origin. 
Therefore, more studies assessing the impact of 
these epigenetic differences in the safety and func- 
tionality of the cells are mandatory. 


iPSC and iPSC-Derived Neural 
Progenitors' Issues 


5.3.5 


The very low reprogramming efficiency of 
somatic cells into iPSC has been pointed out as a 
problem; however, once iPSC colonies are 
formed, they rapidly expand originating a large 
number of cells. Thus, compared with other ques- 
tions, such as safety, this is a minor problem. 
Additional important issues concerning iPSC use 
include (1) the safety of the reprogramming pro- 
cess, that many times employs integrating viral 
vectors, and how this can lead to tumor develop- 
ment, and (i1) the epigenetic differences between 
iPSC and ESC and how the observed differences 
in iPSC affect long-term safety, namely the 
genomic stability of 1PSC-derived cells used for 
cell replacement purposes [21]. These are impor- 
tant questions that hopefully will be answered in 
the years to come by clinical trials using iPSC- 
derived cells. 

The reversion of differentiated cells into plu- 
ripotent stem cells able to originate any type of 
differentiated cells of the human body has revolu- 
tionized the field of cell-based research, provid- 
ing new sources of cells for fundamental and 
applied research. It enables the generation of 
patient-specific tissues for cell and organ replace- 
ment therapies. Moreover, it enables the genera- 
tion of human disease models for many rare 
diseases lacking appropriate models, which will 
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allow the study of these diseases and the screen- 
ing of new therapies [22]. Examples of new dis- 
ease models that have been galvanized by iPSC 
are the organoids and 3D bioprinting, which are 
detailed and discussed in the following sections. 


5.4 Brain in a Dish: 
From Organoids to 3D 
Bioprinting 

5.4.1 Organoids 


Organoids are three-dimensional (3D) cellular 
clusters that self-organize themselves into struc- 
tures that resemble mini-organs and somehow 
exhibit similar organ functionality and architec- 
ture [33, 34]. These structures are obtained from 
pluripotent stem cells or adult stem cells that, 
under the influence of organ-specific biochemical 
cues and with an appropriate supporting matrix, 
will self-organize into the organ-specific micro- 
anatomy and organ-specific differentiated cell 
types [35]. The stem cells originating the organ- 
oids will persist, sustaining the 3D structure with 
the ability for self-renewal and for differentiation 
into new specialized cells. 

Stem cells have an intrinsic ability to assem- 
ble into 3D structures composed of different cell 
types. As the behavior of stem cells is controlled 
by their microenvironment, this process can be 
guided and aided with the use of a matrix, like 
Matrigel, and suitable exogenous factors. These 
factors, frequently morphogens (BMP, Wnt, 
Shh), small molecules (retinoic acid) and growth 
factors (FGF2, FGF8), are used to control several 
signaling pathways involved in the proliferation, 
migration, and differentiation of stem cells, in 
order to originate the desired tissue-mimicking 
organoid [33, 35]. Laminin, fibronectin, collagen 
and Matrigel are some examples of physical sup- 
portive components used in organoids; neverthe- 
less, Matrigel is the most commonly used matrix. 
Matrigel is a commercially available cell culture 
product obtained from reconstituted basement 
membrane extracted from  Engelbreth-Holm- 
Swarm (EHS) mouse sarcoma, which is a tumor 
rich in extracellular matrix proteins. This matrix 
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composition is approximately 60% laminin, 30% 
collagen IV and 8% entactin (a protein that con- 
tributes to the structural organization of the extra- 
cellular matrix). It also contains heparan sulfate 
proteoglycan (perlecan), TGF-B, epidermal 
growth factor, insulin-like growth factor, fibro- 
blast growth factor, tissue plasminogen activator 
and matrix metalloproteinases, as indicated by 
the suppliers. The concentration of the different 
factors in the Matrigel, previously enumerated, is 
below the concentrations usually used in cell dif- 
ferentiation and patterning processes. Thus, 
besides the structural support, these extracellular 
matrices also provide some supplementation of 
signaling cues of basement membrane ligands to 
sustain cell survival, migration and attachment, 
resulting in the organoid formation. Naturally, 
there are more elaborated scaffolds available, 
such as (1) decellularized matrices (obtained 
through a process involving the removal of the 
cells from an organ/tissue leaving the extracellu- 
lar matrix scaffold of the original organ/tissue); 
(ii) 3D scaffolds produced by biomaterial cus- 
tomization, with synthetic polymers incorporat- 
ing specific compounds/signaling factors to 
control the location and time at which stem cells 
will be presented to a specific stimulus; and (111) 
nanoparticles loaded with signaling factors that 
can be incorporated into the scaffolds slowly 
releasing the factors or releasing them upon a 
specific stimulus [33]. The combination of the 
exogenously added factors, with the endogenous 
factors produced by the stem cells and the matrix, 
creates a dynamic environment that temporally 
and spatially controls the different cells that are 
originated and how they are assembled, giving 
rise to the organoid formation. 

Organoids are powerful ex vivo models for tis- 
sue morphogenesis and organogenesis studies 
given that they recapitulate several biological and 
biochemical parameters, including the spatial 
organization of organ-specific cells, cell-cell and 
cell-matrix interactions, biochemical composi- 
tion and physiological functions within the 
organoid [33, 35]. These systems are also able to 
recapitulate many important properties and steps 
of the organogenesis, being far more complex 
and therefore more challenging than 2D cell cul- 
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tures (Table 5.2). The major advantages of organ- 
oids are the following: (1) their composition and 
3D organization resemble the living organ to be 
studied; (11) there is an increasing easiness in the 
manipulation protocols; (111) they can be obtained 
from different sources of cells (adult NSC, ESC 
and iPSC); and (iv) they can be expanded for a 
long time without genomic instability. Thus, they 
have been used as disease models and also to 
study and manipulate tissue development and 
regeneration. Organoids allow performing exper- 
iments that are not possible to be conducted in 
patients and originated experimental models for 
rare diseases, namely neurologic and neurode- 
generative diseases, that lacked appropriate 
experimental models [35, 36]. 

However, despite the very encouraging fea- 
tures of this system, organoids have some limita- 
tions, such as lacking immune cells and a robust 
vascularization. This makes the study of inflam- 
matory reactions impossible and thwarts the total 
comprehension of pathways under the influence 
of the immune system, such as neurogenesis. The 
lack of vascularization is also an important prob- 
lem, causing the death of the organoid’s core cells 


Table 5.2 Comparison of the main characteristics of 2D 
cell cultures and 3D organoids. 


2D cultures 3D organoids 
Homogeneity Relatively More 
and purity homogenous, heterogeneous, 
mostly with one | with different 


or a few types types of cells 


of cells 
Culture period | Shorter Longer 
Cell Yes Not reported yet 
transplantation (more complex 
and challenging) 
Cost Low Moderate to high 
Easiness to set | Easy to Very challenging 
up moderately 
challenging 
Reproducibility | High Low 
Vascularization | No Possible 
Structural Poor Good — more 
organization closely 
resembles the in 
vivo tissue/organ 
Genomic High Low 
instability 
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(1n bigger organoids) as a consequence of nutrient 
deprivation and lack of proper oxygenation [37]. 
Nevertheless, some groups are now working try- 
ing to overcome these limitations and yield more 
relevant and significant organoid models. 


5.4.2 Three-Dimensional (3D) 
Bioprinting 


3D bioprinting aims the construction of living, 
functional organs to be used in reconstructive 
medicine by printing living cells and matrices in 
a 3D structure that resembles the shape of the 
organ to be generated [38, 39]. Despite sounding 
like science fiction, this research field is more 
than one decade old and has been evolving faster 
in the last years, involving different fields such as 
mechanical engineering, cellular biology, sys- 
tems biology and robotics. Despite the advances, 
the synchronous printing of living cells, matrix 
components and soluble factors (such as growth 
factors and guiding cues for cell proliferation, 
migration and differentiation) is an understand- 
ably complex process. This process comprises 
different steps, including obtaining a 3D image 
of the organ to be printed, the conversion of the 
image to an informatics printing pattern, the 
selection of the bioink composition (cells, matrix 
and soluble compounds) and, of course, the actual 
printing procedure, culturing, and finally the 
organ quality control [38—40]. 

Combining cells with biomaterials can be 
done through two main processes: top-down and 
bottom-up printing. In the top-down process, 
the cells are homogeneously dispersed into the 
biomaterials and shaped to resemble the desired 
organ. The major flaw of this process 1s that real 
organs are not homogenous in their composition 
as they have different types of cells and extra- 
cellular matrices in different regions. This prob- 
lem has been explored in bottom-up printing, 
which constructs the organ layer by layer, using 
different types of bioinks in parallel, with differ- 
ent types of cells, hydrogels and soluble com- 
pounds. This process takes advantage of 
computer-controlled high-resolution cell depo- 
sition that allows performing this cell distribu- 
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tion process at a microscale level. This will 
hopefully result in site-specific cell differentia- 
tion [38—40]. 

The three main bio-components in 3D bio- 
printing are cells, hydrogel and soluble com- 
pounds. The types of cells to be used are selected 
depending on the organ to print; now with iPSC, 
it is much easier to derive the different types of 
cells that compose an organ. Concerning the 
hydrogel to implement, there are two main groups 
of hydrogels available: natural and synthetic 
polymers. Some natural polymers currently used 
are components of the extracellular matrix (lam- 
inin, collagen and fibronectin), while others 
include chitosan, alginate, hyaluronic acid and 
nanocellulose. Synthetic polymers such as polox- 
amer and polyethylene glycol (PEG) diacrylate 
and PEG methacrylate are also used. Hydrogels 
should provide a stable environment for the cells, 
have low cytotoxicity, and should promote prolif- 
eration and differentiation. Other features such as 
the mechanical properties of the hydrogel, includ- 
ing stiffness, pore size and mechanical strength, 
will also influence the tissue architecture and cell 
activity [38, 39, 41]. 

Bioprinting also offers the possibility of con- 
structing micro-organs in microchips, allowing 
recording and controlling microenvironmentl 
changes in real time [38]. The integration of 3D 
tissue-engineered organs with microfluidic sys- 
tems, the so-called "organ-on-a-chip", allowed 
the design of chips comprising different cham- 
bers with different cell types that represent the 
different tissues or organs communicating 
through microfluidic networks. The transport of 
fluids between these chambers mimics the blood 
flow, and the fluid flow generates mechanical 
forces that recapitulate the in vivo microenviron- 
ment experienced by cells. Generally, these chips 
integrate biosensors with microscopy-based 
readouts allowing a real-time study of concentra- 
tion gradients and cellular processes in a 
microscale base, which 1s more cost-effective and 
thus reduces cell culture costs [42]. These highly 
controllable *organ-on-a-chip" devices allow the 
performance of tissue morphogenesis and organ- 
ogenesis studies and also the performance of 
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high-throughput toxicological studies to test new 
drugs and therapies. Nevertheless, this very 
promising and complex innovation has several 
challenges to be overcome, namely the biological 
control of the different types of cell populations 
to guarantee the correct positioning and function- 
ing, and the efficient vascularization of the organ 
through the inclusion of functional vessels capa- 
ble of being integrated in, and supplied by, the 
"circulatory system" [39, 40]. 
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* Cell replacement therapy seeks to replace 
missing or functionally impaired cells in order 
to restore tissue and organ functions lost in 
pathological processes or trauma. 

* Stem cells are non-differentiated and unspe- 
cialized cells characterized by their ability of 
self-renewing by proliferating through sym- 
metric division, which maintains the pool of 
stem cells. 

e Stem cells can be classified according to their 
source (origin) and potency, 1.e., the range of 
different types of cells that they can give 
rise to upon differentiation. 

* Embryonic stem cells (ESC) are undifferenti- 
ated pluripotent stem cells derived from the 
inner cell mass of the blastocyst, having an 
unlimited self-renewal ability and the capacity 
to originate cells of all three primary germ 
layers upon differentiation. 

e Induced pluripotent stem cells (iPSC) are 
derived from somatic cells that have been 
reprogrammed back into an embryonic-like 
pluripotent state. 

e Organoids are three-dimensional (3D) cellular 
clusters that self-organize themselves into 
structures that resemble mini-organs and 
exhibit similar organ functionality and 
architecture. 

e 3D bioprinting aims the construction of living, 
functional organs to be used in reconstructive 
medicine by printing living cells and matrices 
in a 3D structure that resembles the shape of 
the organ to be generated. 
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Review Questions 


ie 


Stem cells are non-differentiated and unspe- 
cialized cells characterized by their ability to 
self-renew, maintain the pool of stem cells and 
differentiate into mature specialized 
cells. Which of the following sentences is 
correct? 

(a) There are different types of stem cells, 
namely the pluripotent neural stem cells 
and embryonic stem cells. 

(b) Pluripotent stem cells can be isolated 


from the inner cell mass of the 
blastocyst. 

(c) Pluripotent stem cells can be obtained by 
transdifferentiation. 


(d) All of the above 
(e) None of the above 


. Neural stem cells can be obtained from: 


(a) Isolation from fetal and adult brains 

(b) Direct chemical induction using valproic 
acid, CHIR99021 and RepSox 

(c) Neural induction of pluripotent stem cells 

(d) All of the above 

(e) None of the above 


. Cell reprogramming enables obtaining new 


types of cells to be used as human cell models 

and as a source of cells for cell-based thera- 

pies. Choose the option that best applies. 

(a) Somatic cell nuclear transfer (SCNT) and 
cell fusion are strategies that allow cell 
reprogramming 

(b) To obtain induced pluripotent stem cells 
(iPSC) it is mandatory to use reprogram- 
ming factors, by delivering them with 
either viral or non-viral systems 

(c) Through direct reprogramming, it is pos- 
sible to obtain differentiated cells such as 
neurons or multipotent stem cells like 
NSC 

(d) Answers (a) and (c) 

(e) Answers (b) and (c) 


. Fully differentiated somatic cells can be 


reprogrammed into a pluripotent state. The 
resulting cells are designated as induced plu- 
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ripotent stem cells (PSC), which are able to 

originate other cell types. Which of the fol- 

lowing sentences 1s correct? 

(a) iPSC are very similar to the natural plu- 

ripotent ESC, namely in terms of mor- 

phology, cell potency, immortal growth 

and ability to originate embryoid bodies 

and to form teratomas 

Several factors dictate the reprogramming 

efficiency, namely the type/source of cells 

to be reprogrammed 

(c) The four reprogramming factors described 
by Yamanaka (Sox-2, KIf4, Oct4 and 
c-Myc) play important roles in stem cell 
pluripotency and control cell proliferation 
and apoptosis 

(d) The reprogramming efficiency of somatic 
cells into iPSC is very low 

(e) All of the above 

(f) None of the above 


(b 


—_ 


. The development of new disease models and 


platforms such as organoids and 3D bioprint- 
ing has been galvanized by the discov- 
ery of iPSC. Which of the following sentences 
is correct? 

(a) Organoids are three-dimensional (3D) 
cellular clusters that self-organize them- 
selves into structures that resemble mini- 
organs, which are very promising to study, 
for example, pathways under the influence 
of the immune system, such as 
neurogenesis 

Organoids can be obtained from different 
sources of cells (aNSC, ESC and iPSC) 
and have been used as disease models and 
also to study and manipulate tissue devel- 
opment and regeneration 

Chitosan, alginate, hyaluronic acid, nano- 
cellulose, poloxamer and polyethylene 
glycol (PEG)-conjugated synthetic poly- 
mers are examples of compounds used in 
3D bioprinting 

(d) Answers (a) and (c) 

(e) Answers (b) and (c) 

(f) All of the above 


(b 


Ne 


(c 


—_ 
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As it was already mentioned in the first chapter of 
this book, but will also be made clear throughout 
the remaining chapters, the term gene therapy 
encapsulates different approaches and applica- 
tions based on the use and delivery of different 
nucleic acids. The most straightforward and per- 
haps most simple strategy for a gene-based ther- 
apy consists in adding a new protein-coding 
gene, which is an approach called gene augmen- 
tation therapy (Fig. 6.1). For monogenic reces- 
sive disorders in which the causative mutated is 
nonfunctional, the therapeutic gene to be deliv- 
ered will be the normal wild-type form of the 
gene. The delivery of a correct copy of the gene is 
expected to restore the production of the defec- 
tive or missing protein and thus revert the disease 
phenotype. This type of gene augmentation ther- 
apy is often also referred to as gene replacement 
therapy. As already discussed, this rationale was 
behind the first gene therapy clinical trial per- 
formed and is also at the basis of the majority of 
the gene therapy clinical trials performed so far. 
However, for monogenic dominant diseases or 
more complex multigenic diseases, this approach 
would not be effective. For these diseases, the use 
of gene therapy strategies based on gene silenc- 
ing or editing would be more suitable (these will 
be discussed in more detail in Chaps. 7 and $). 
Nevertheless, gene augmentation strategies can 
still be used in these more complex diseases, 
namely by using protein-coding genes that 
improve cellular function and homeostasis, con- 
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tributing to an improvement of the disease phe- 
notype, although in theory it will not cure the 
disease or solve its molecular cause. For exam- 
ple, genes codifying for growth factors, cytokines 
or autophagy-activating proteins have been 
proven successful as therapeutic agents in several 
complex diseases. This type of gene therapy is 
often generally referred to as gene addition 
therapy. 

Two important considerations must be made 
about gene augmentation therapy strategies. First, 
it is important to take into account the size of the 
gene to be added, as this will conditionate the 
choice of vector and therefore the efficiency and 
safety of the therapy. According to the last annota- 
tion of the human genome, on average, a human 
gene has ~29 kb, which makes packaging entire 
genes unfeasable for most of the viral vectors 
commonly used in gene therapy. One form to cir- 
cumvent this problem is to use only the cDNA, 
which on average has ~2.5 kb and therefore can 
be packaged in any viral vector. However, for 
larger genes, packaging the cDNA in viral vectors 
will still be virtually impossible. For example, 
Duchenne muscular dystrophy is caused by muta- 
tions in the DMD gene, which codifies the dystro- 
phin protein. The gene has more than 220 kb and 
its cDNA around 14 kb, which makes 1t unsuit- 
able, for example, to be packaged into an AAV or 
a lentiviral vector. A second important consider- 
ation to be made is related with the expression 
levels of the therapeutic gene. This question was 
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Fig. 6.1 Gene augmentation therapy, which refers to the introduction of an additional functional gene, aims at com- 
pensating a pathological mutation or improving the homeostasis of a compromised cell. 


already discussed in the first chapter as one of the 
important aspects that need to be adressed in gene 
therapy applications. Nevertheless, this question 
is particularly sensitive in gene augmentation 
therapy strategies, as the aim is to produce cor- 
rect/therapeutic levels of protein expression. 

The following sections develop important 
ideas and concepts related to gene replacement 
and gene addition therapy, providing examples of 
both strategies. 





6.1 





Gene Replacement 


Gene replacement therapy can be applied both ex 
vivo and in vivo. In fact, several currently 
approved gene therapy products use gene replace- 
ment therapy, such as Strimvelis? (ex vivo) and 
Luxturna? (in vivo). Additionally, there is an 
extensive list of studies using gene replacement 
therapy for different diseases both in preclinical 
and clinical settings. Therefore, it is probable that 
other gene replacement therapies will be 
approved in the near future [1]. 

The single-dose gene replacement therapy 
(AV XS-101) for spinal muscular atrophy (SMA), 


based on intravenous delivery by AAV9 and with 
spectacular results, is an example of a therapy 
that reached the market very recently [2]. SMA 
constitutes a group of genetic disorders charac- 
terized by the degeneration of anterior horn cells 
and subsequent muscle atrophy and weakness. 
There is a wide range of clinical manifestations, 
different degrees of severity and variances in life 
expectancy, which led to the classification of dif- 
ferent clinical types of SMA (Table 6.1) [3]. The 
incidence of SMA is of 1 in 10,000 live births, 
whereas the prevalence of the carrier state is of 
1 in 54 [4]. Around 95% of SMA cases are caused 
by homozygous deletion of the survival motor 
neuron 1 (SMNI) gene [5]. In healthy human 
subjects there are two forms of the SMN gene: 
SMNI and SMN2 (Fig. 6.2). Both genes encode 
for the SMN protein, but the survival motor neu- 
ron 2 (SMN2) gene bears a nucleotide substitu- 
tion in an exon splicing enhancer that results in 
the exclusion of exon 7 during transcription. 
Thus, the protein formed is truncated and non- 
functional, being rapidly degraded. However, the 
exon 7 exclusion is not complete, and around 
10% of the SMN protein encoded by the SMN2 
gene is functional. In SMA patients, as the SMN/ 
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gene is not functional, the production of the SMN 
protein relies only on the SMN2 gene. 
Consequently, it is not surprising that SMA 
severity is inversely correlated with the number 
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of SMN2 gene copies [6]. A phase I clinical study 
revealed the safety and efficacy of an in vivo gene 
therapy based on the delivery of a functional 
copy of the SMNI gene using AAV9 vectors [2]. 


Table 6.1 Clinical types of spinal muscular atrophy pm and their main features 


Type 


Life expectancy Number of SMN2 copies 


0 a birth None 
None 


2 m months Sitting 
a 18 months-3 years Walking 
4 10—31 years Normal 


3-4 
3-4 
4-8 


“There is an additional categorization in SMA type 3a, 3b, and 3c, each having a different age of onset 
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Fig. 6.2 Overview of the molecular mechanism 
underlying spinal muscular atrophy (SMA). In healthy 
individuals, the SMNI gene (survival motor neuron l) 
encodes for a functional protein that is essential for motor 
neuron development. A second gene, SMN2 (survival 
motor neuron 2), is also present, although it only encodes 
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for a small percentage of the functional protein. In SMA 
patients, mutations in the SMN1 gene produce a nonfunc- 
tional protein; therefore, the only functional protein is 
produced by the SMN2 gene. That is why the number of 
copies of the SMN2 gene modifies the severity of the 
condition. 
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The 15 children enrolled in the 2 cohorts of the 
study were homozygous for the deletion of exon 
7 in the SMNI gene and had 2 copies of the SMN2 
gene. A 20-month follow-up after the gene ther- 
apy administration showed that all the children 
were alive, compared with an 8% survival rate of 
the natural history cohort. Importantly, no major 
adverse effects of the therapy were described. 
From the 12 children that received the higher 
dose (2.0x10'* vg per kilogram), 11 sat unas- 
sisted, 11 were able to feed orally and could 
speak, and 2 walked independently. These spec- 
tacular results and a wide range of preclinical 
studies opened an important avenue for gene 
replacement therapies that are in the R&D pipe- 
line. It also led to a historical acquisition, with 
pharmaceutical company Novartis paying 8.7 bil- 
lion US dollars for AveXis Inc., which was the 
company that developed the above phase I study. 
Recently, in May 2019, the FDA approved this 
therapy under the name Zolgensma, promising a 
onetime cure for SMA and with a marketing 
price of 2.125 million dollars. 


6.2 Gene Addition 
Gene replacement strategies are not suitable for 
monogenic dominant diseases, as even with an 
additional copy of the normal gene, the disease 
phenotype will be maintained. Also, for more 
complex diseases resulting from the combination 
of multiple genes and environmental factors, this 
strategy may have none, or very limited, thera- 
peutic effects. Nevertheless, gene therapy can 
still represent an important therapeutic option for 
these diseases, as it may be used to produce an 
improvement in cellular function and homeosta- 
sis, therefore contributing to mitigate the disease 
phenotype. In fact, several studies both at the pre- 
clinical and clinical levels have focused on using 
gene addition therapy as a therapeutic approach 
for several complex conditions affecting human 
health. Different protein-coding genes can be 
used in these strategies, aiming to modulate 
diverse cell mechanisms and pathways. 

This type of strategy is particularly useful in 
cancer applications, using, for example, genes 
that arrest cell proliferation, like cyclin-depen- 
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dent kinase inhibitors or cell cycle checkpoint 
regulators, such as p53. In fact, the first gene 
therapy product ever approved (in 2003) is based 
on the delivery of p53 as a treatment for different 
types of cancer [7]. However, Gendicine® (devel- 
oped by Sibiono GeneTech company) was only 
approved in China, and its beneficial effects are 
not completely consensual among the scientific 
community. Gendicine? was approved for treat- 
ing head and neck cancer and is based on the 
expression of wild-type p53, upon direct intratu- 
mor, intracavity or intravascular delivery by an 
adenoviral vector. By 2018, more than 30,000 
patients were treated with Gendicine?, and more 
than 30 clinical trials were published [8]. It was 
used alone or in combination with chemotherapy 
and/or radiotherapy for at least five different 
types of cancer, including nasopharyngeal cancer 
and hepatocellular carcinoma. Most of the pub- 
lished studies reported no major adverse effects. 
Despite the number of studies and subjects 
treated, currently Gendicine? continues to be 
commercialized exclusively in China. 

Gene addition-based delivery of protein-cod- 
ing genes was also studied as a possible means to 
modulate other cellular functions and achieve a 
therapeutic effect, for example aiming to, (1) 
potentiate the activity of cellular degradation sys- 
tems (ubiquitin-proteasome system - UPS) - and 
autophagy), (ii) increase cellular proteostasis, 
and (iii) increase the expression of growth factors 
and cytokines. The use of genes activating 
autophagy or leading to the expression of chaper- 
ones is a gene addition strategy particularly inter- 
esting in context of neurodegenerative diseases, 
where frequently there is an abnormal accumula- 
tion of aggregate-prone proteins. 

Strategies based on the expression of growth 
factors and cytokines have different goals and 
target other molecular mechanisms, aiming a 
protective role by potentiating cell survival or 
contributing to cellular homeostasis improve- 
ment. This idea was the basis for the develop- 
ment of CERE-110, a gene therapy product for 
Alzheimer's disease (AD) that relies on the deliv- 
ery of nerve growth factor (NGF). AD is a pro- 
gressive neurodegenerative disease characterized 
by a decline of cognitive functions and memory 
defects. A neuropathological hallmark of AD is 
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the presence of extracellular amyloid plaques and 
the intracellular accumulation of hyperphosphor- 
ylated Tau protein. A small percentage (~5%) of 
AD cases display a Mendelian inheritance pat- 
tern, although most of the cases are sporadic and 
associated with late disease onset (after 65 years) 
[9, 10]. Despite the huge research efforts towards 
a therapy for AD, most of the results of the clini- 
cal trials have been disappointing, and even the 
approved drugs (such as memantine or rivastig- 
mine) have very limited efficacy in stopping or 
reverting the disease progression. Considering 
the unmet and urgent need for therapies for AD, 
several studies focused on gene therapy as a pos- 
sible route. One of the ideas behind gene therapy 
studies was to increase neuronal protection, try- 
ing to prevent or delay the neuronal loss observed 
in AD. The first strategies focused on the delivery 
of brain-derived neurotrophic factor (BDNF). A 
study in rodent and nonhuman primate models of 
AD showed a protective effect of BNDF expres- 
sion, preventing neuronal loss and leading to cog- 
nitive improvement [11]. Later, the studies’ 
attention moved to NGF, as a way to prevent the 
degeneration of cholinergic neurons, which is an 
early event and an important contributor to AD 
cognitive decline. A very early study using aged 
nonhuman primates showed a robust sprouting of 
cholinergic fibers upon NGF expression [12]. 
The animals received an intraventricular implant 
of polymer-encapsulated fibroblasts genetically 
modified to express human NGF (ex vivo gene 
therapy). Later, a phase I clinical trial used a sim- 
ilar procedure, transplanting autologous fibro- 
blasts expressing NGF (transduced with a 
Moloney leukemia viral vector) into the basal 
forebrain of eight individuals with mild AD. The 
results showed an improvement in the rate of 
cognitive decline [13]. In a posterior phase I clin- 
ical trial, ten patients received an AAV2-NGF 
(CERE-110) dose directly injected through ste- 
reotaxic surgery into the nucleus basalis of 
Meynert. A 2-year follow-up demonstrated the 
safety profile of CERE-110 and showed a reduced 
rate of cognitive decline [14]. These encouraging 
results led to the development of a phase II mul- 
ticenter clinical trial of CERE-110, following the 
acquisition of Ceregene (that initially developed 


121 


the product) by Sangamo Therapeutics in 2013. 
The new clinical trial enrolled 49 patients with 
mild to moderate AD, from which 26 received a 
bilateral injection of AAV2-NGF and 23 a sham 
procedure. The first results of the study were 
somehow mixed, and 2 years after the procedure 
both groups showed a similar decline in cognitive 
function. In 2015, Sangamo Therapeutics ended 
the development of CERE-110. Despite the fail- 
ure in CERE-110, the development of gene ther- 
apy products based on neurotrophic factors 
continues. For example, NurOwn, a cell therapy 
product, uses mesenchymal stem cells (MSCs) 
expressing NGF as a therapy for amyotrophic lat- 
eral sclerosis (ALS), and 3 clinical trials were 
already completed enrolling 74 patients. The first 
results showed no adverse effects and indicated 
mild improvement in the disease symptoms 
(assessed by specific scales) [15]. A future phase 
III clinical trial is planned. 

Other gene addition therapy approaches aim 
at inducing cellular apoptosis, by delivering 
genes that trigger this event. This type of strat- 
egy, which is commonly referred to as suicide 
gene therapy, is specifically used for cancer 
applications and is discussed in further detail in 
Chap. 9. 


Gene Addition to Modulate 
Autophagy 


6.3 


Autophagy is a very important and highly regu- 
lated cellular process, through which damaged 
organelles and proteins are degraded by the lyso- 
some. It facilitates nutrient recycling in cells, and 
alterations in this pathway underlie the pathogen- 
esis of several diseases. Autophagy was first 
described by Professor Yoshinori Ohsumi, who 
received the Nobel Prize in Medicine or 
Physiology in 2016 for the discovery. Currently, 
autophagy is one of the most consensual thera- 
peutic targets for neurodegenerative diseases and 
cancer, both through gene therapy and pharmaco- 
logical approaches. For this reason, the develop- 
ment of gene addition therapies to modulate 
autophagy is an important focus of research and 
interest in the gene therapy field. 
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6.3.1 The Autophagy Pathway 

There are three known types of autophagy (Fig. 
6.3): | microautophagy, | chaperone-mediated 
autophagy and macroautophagy. Microautophagy 
is a nonselective degradation pathway that 
involves the direct engulfment of cytosolic mate- 
rial through lysosomal invagination and its degra- 
dation in the lysosome [16]. Chaperone-mediated 
autophagy (CMA) is a selective degradation 
pathway in which proteins are targeted for degra- 
dation through a recognition motif in their amino 
acid sequences by chaperones. These selected 
proteins directly cross the lysosome membrane 
and enter its lumen for degradation [17]. Finally, 
macroautophagy, commonly simply referred to 
as autophagy, is characterized by the formation of 
double-membrane vesicles named autophago- 
somes that engulf cytoplasmic material and fuse 
with lysosomes, ultimately degrading that mate- 
rial [18]. Initially described as an apoptosis mech- 
anism, autophagy is now recognized as a cellular 
survival mechanism, playing an essential role in 
cellular and energy homeostasis. Its cellular 
importance is highlighted by the evolutionary 
conservation found in the autophagy pathway, 
from yeast to mammals. 

Autophagy is highly regulated by different 
proteins that control the initiation, elongation, 
maturation and fusion steps of the process, 
through mTOR-dependent and mTOR- 
independent pathways [19]. The initiation step of 
autophagy starts with the phosphorylation of the 
Unc51-like kinase (ULK) complex and the for- 
mation of the phagophore. Additional proteins 
including several Atg autophagy-related (Atg) 
proteins and beclin-1 are also essential for phag- 
ophore formation and autophagy initiation. The 
current view postulates that several cellular com- 
partments contribute to the phagophore growth, 
including the cellular membrane, the Golgi com- 
plex and the endoplasmic reticulum [20]. In the 
elongation step, two ubiquitin-like systems are 
needed, the Atgl2-Atg5-Atgl6L1 complex, 
which dissociates after the autophagosome for- 
mation, and a second system resulting from the 
conjugation of microtubule-associated protein 1 
light chain 3 (LC3) and phosphatidylethanol- 
amine (PE). LC3 is cleaved by Atg4B, yielding 
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LC3-I that conjugates with PE (involving Atg7 
and Atg3), generating the LC3-II form. The end 
of this process completes the maturation step of 
autophagy, resulting in a mature autophagosome. 
The fusion of the autophagosome with the lyso- 
some forms the autolysosome, where the engulfed 
substrates are degraded through acidification and 
lysosomal hydrolase activity, concluding the 
autophagy process. 

As a very dynamic, complex and important 
cellular pathway, several guidelines have been 
established to study and monitor the autophagy 
process [21, 22], wherein two important autoph- 
agy markers emerge: LC3-II and SQSTM1/p62 
(Sequestosome 1). During autophagy, the 
LC3-II residing in the inner membrane of the 
autolysosome is degraded, whereas the LC3-II 
in the outer membrane is recycled. Consequently, 
a decrease in LC3-II levels is probably related to 
an increase in degradation and in autophagy lev- 
els. SQSTM1/p62 is an essential cargo receptor 
involved in selective autophagy, delivering 
polyubiquitinated cargoes to the autophagy 
pathway. It interacts with LC3 and is specifi- 
cally degraded by autophagy; thus, its levels are 
also correlated with activation or inhibition of 
this autophagy. 


6.3.2 Autophagy Terms Glossary 


e Phagophore — double-membrane structure that 
starts the sequestering of the cytoplasmic 
cargo for degradation. The continuous elonga- 
tion of the phagophore leads to its complete 
closing, forming the autophagosome. 

e Autophagosome — double-membrane com- 
partment that contains the cytoplasmic mate- 
rial for degradation and that is formed by the 
expansion and closing of the phagophore. 

* Lysosome — membrane-enclosed organelles 
containing a wide range of enzyme capable of 
degrading different biomolecules, such as pro- 
teins, lipids and carbohydrates. 

e Autolysosome - autophagic compartment 
resulting from the direct fusion of an autopha- 
gosome with a lysosome. 

e Autophagolysosome — specific situation that 
occurs during some types of xenophagy 


6.3 Gene Addition to Modulate Autophagy 


1. MICROAUTOPHAGY 


Fig. 6.3 The different autophagy mechanisms. 
Microautophagy (1) is a degradation pathway that 
involves the direct engulfment of cytosolic material 
through lysosomal invagination. Chaperone-mediated 
autophagy (2) is a selective degradation pathway in which 
proteins are targeted for degradation by chaperones, 
through a recognition motif in their amino acid sequences. 
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2. CHAPERONE-MEDIATED AUTOPHAGY 


protein 
P YT ER Rum 
DE 


INT 
kt 
ye 


Macroautophagy (3), commonly simply known as autoph- 
agy, starts with the formation of the phagophore that 
involves the cellular material to be degraded, which after 
closing forms double-membrane vesicles, named autopha- 
gosomes. These vesicles fuse with the lysosomes, forming 
the autolysosomes in which the material is degraded. 
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(selective autophagy that is used for eliminat- 
ing invading pathogens), where there is fusion 
of a phagosome with a lysosome [23]. 


6.3.3 Upregulation of the 
Autophagy Pathway as a 
Therapeutic Strategy for 
Machado-Joseph Disease/ 
Spinocerebellar Ataxia Type 3 


Machado-Joseph disease (MJD) or spinocerebel- 
lar ataxia type 3 (SCA3) belongs to the group of 
polyglutamine (polyQ) diseases, which includes 
nine inherited incurable neurodegenerative disor- 
ders that are caused by an abnormal expansion of 
CAG trinucleotide repeats present in the coding 
regions of single, and otherwise unrelated, genes. 
MJD/SCA3 is an autosomal inherited disease 
caused by an unstable expansion of a CAG repeat 
sequence in the ATXN3 gene, which is translated 
into an abnormal polyQ tract within the ataxin-3 
(atxn3) protein (Fig. 6.4) [24]. One important 
hallmark of MJD/SCA3 is the presence of intra- 
nuclear protein aggregates in neurons of selected 
regions of the central nervous system, especially 
the cerebellum, the brain stem, the basal ganglia, 


ATXN3 gene 
chromosome -14q 32.1 





some cranial nerves and the spinal cord. Until 
now there is no therapeutic option to delay or 
stop the disease progression, and therefore gene 
therapy arises as an important possibility to treat 
and even cure MJD/SCA3 patients [25]. 

The importance of autophagy in neurons 
becomes very clear when the knockout of key 
autophagy-related genes in animal models 
yielded a neurodegeneration phenotype very sim- 
ilar to the one observed in several neurodegenera- 
tive diseases [26]. Now it is consensual that 
defects in the autophagy pathway underlie the 
pathogenesis of different neurodegenerative dis- 
eases, including MJD/SCA3, where abnormal 
accumulation of several autophagy proteins was 
detected in patients’ samples and animal models 
[27, 28]. It is also consensual that targeting 
autophagy constitutes an effective therapeutic 
strategy for these diseases (using both gene ther- 
apy and pharmacological approaches), aiming to 
reduce the pathological aggregates and to 
improve neuronal homeostasis. Following this 
idea, two important preclinical studies show that 
a gene addition therapy strategy inducing the 
expression of the gene codifying beclin-1 
(BECN1) was able to reduce motor deficits and 
neuropathological abnormalities in different 
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Fig. 6.4 ATXN3 gene and ataxin-3 protein structures, 
highlighting the CAG/polyglutamine repetition range 
within healthy individuals and the patients with Machado- 
Joseph disease (MJD). The ATXN3 genes includes 11 
exons (ElI-11) and the CAG repeat region is localized in 
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exon 10 (E10). The ataxin-3 protein is mainly composed 
of an N-terminal catalytic domain and a C-terminal tail 
with two or three ubiquitin-interacting motifs (UIMs) and 
the polyglutamine stretch. 
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MJD/SCA3 mouse models [27, 29]. The expres- 
sion of beclin-] was able to upregulate the 
autophagy pathway, which is dysregulated in the 
disease, thus clearing mutant ataxin-3 aggregates 
and improving neuronal homeostasis. 


This Chapter in a Nutshell 


* Gene augmentation consists on the delivery of 
a new protein-coding gene to treat a disease. 

* Gene replacement therapy is directed at mono- 
genic recessive diseases that are caused by 
nonfunctional genes, consisting in the deliv- 
ery of a non-mutated form of the affected gene 
to treat the disease. 

* Gene addition therapy aims to treat more com- 
plex diseases (including dominant monogenic 
diseases), by delivering a gene aiming to 
improve cellular function and therefore the 
disease phenotype. 

e Several genes can be used in gene addition 
therapy, targeting, for example, the cellular 
degradation pathways or increasing the 
expression of growth factors and cytokines. 

e Autophagy is an important cellular process 
through which damaged organelles and pro- 
teins are degraded by the lysosome. 

* [tis now known that defects in the autophagy 
pathway underlie the pathogenesis of several 
human conditions, including different neuro- 
degenerative diseases. 

e Gene therapy targeting the activation of 
autophagy was shown to be effective in 
counteracting the disease phenotype in several 
neurodegenerative diseases. 


Review Questions 


1. Classify as true or false each one of the fol- 

lowing sentences: 

(a) Gene augmentation therapy can only be 
applied in monogenic diseases 

(b) Gene augmentation therapy involves the 
delivery of a protein-coding gene 

(c) Gendicine® is a gene therapy product 
based on gene replacement therapy 
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(d) Autophagy is the only cellular degrada- 
tion pathway 

(e) The activation of autophagy is a gene 
therapy strategy useful for neurodegener- 
ative diseases 


. Ina gene therapy study targeting a monogenic 


recessive disorder, which of the following is 

crucial to ensure the success of the wild-type 

inserted gene? 

(a) Remove the mutant gene 

(b) Produce more cytokines 

(c) Ensure that the correct amount of protein 
is produced 

(d) Insert the gene in the mitochondria 

(e) Use specifically a gene addition strategy 


. Which one(s) of the following are aims of 


gene addition therapy? 

(a) Focus on reducing mutant protein levels 
(b) Target monogenic dominant disorders 
(c) Deliver protein-coding genes 

(d) Improve cellular homeostasis 

(e) Cure the genetic cause of the disease 


4. Why autophagy activation by gene therapy 


approaches is a valuable target for neurode- 

generative diseases? 

(a) Because there is no other option 

(b) Because autophagy degrades misfolded 
aggregate proteins 

(c) Because the ubiquitin-proteasome system 
does not function in neurons 

(d) Because there are no pharmacological 
drugs to activate autophagy 

(e) Because autophagy is not a dynamic 
process 


References and Further Reading 


1. Wang D, Gao G (2014) State-of-the-art human gene 


therapy: part II. Gene therapy strategies and clinical 
applications. Discov Med 18:151-161 


. Mendell JR, Al-Zaidy S, Shell R, Arnold WD, Rodino- 


Klapac LR, Prior TW, Lowes L, Alfano L, Berry K, 
Church K et al (2017) Single-dose gene-replacement 
therapy for spinal muscular atrophy. N Engl J Med 
377:1713-1722 


. Kolb SJ, Kissel JT (2015) Spinal muscular atrophy. 


Neurol Clin 33:83 1-846 


. Sugarman EA, Nagan N, Zhu H, Akmaev VR, Zhou 


Z, Rohlfs EM, Flynn K, Hendrickson BC, Scholl 
T, Sirko-Osadsa DA et al (2012) Pan-ethnic carrier 
screening and prenatal diagnosis for spinal muscular 


126 


10. 


11. 


L2. 


I3; 


14. 


E» 


16. 


LE 


atrophy: clinical laboratory analysis of 272,400 speci- 
mens. Eur J Hum Genet 20:27—32 


. Lefebvre S, Burglen L, Reboullet S, Clermont O, 


Burlet P, Viollet L, Benichou B, Cruaud C, Millasseau 
P, Zeviani M et al (1995) Identification and charac- 
terization of a spinal muscular atrophy-determining 
gene. Cell 80:155—165 


. Lefebvre S, Burlet P, Liu Q, Bertrandy S, Clermont O, 


Munnich A, Dreyfuss G, Melki J (1997) Correlation 
between severity and SMN protein level in spinal 
muscular atrophy. Nat Genet 16:265—269 


. Pearson S, Jia H, Kandachi K (2004) China approves 


first gene therapy. Nat Biotechnol 22:3-4 


. Zhang WW, Li L, Li D, Liu J, Li X, Li W, Xu X, 


Zhang MJ, Chandler LA, Lin H et al (2018) The first 
approved gene therapy product for cancer Ad-p53 
(Gendicine): 12 years in the clinic. Hum Gene Ther 
29:160-179 


. Bettens K, Sleegers K, Van Broeckhoven C (2013) 


Genetic insights in Alzheimer's disease. Lancet 
Neurol 12:92-104 

Mangialasche F, Solomon A, Winblad B, Mecocci P, 
Kivipelto M (2010) Alzheimer's disease: clinical tri- 
als and drug development. Lancet Neurol 9:702-716 
Nagahara AH, Merrill DA, Coppola G, Tsukada S, 
Schroeder BE, Shaked GM, Wang L, Blesch A, Kim 
A, Conner JM et al (2009) Neuroprotective effects of 
brain-derived neurotrophic factor in rodent and primate 
models of Alzheimer's disease. Nat Med 15:331—337 
Kordower JH, Winn SR, Liu YT, Mufson EJ, Sladek 
JR Jr, Hammang JP, Baetge EE, Emerich DF (1994) 
The aged monkey basal forebrain: rescue and sprout- 
ing of axotomized basal forebrain neurons after grafts 
of encapsulated cells secreting human nerve growth 
factor. Proc Natl Acad Sci U S A 91:10898—10902 
Tuszynski MH, Thal L, Pay M, Salmon DP, U HS, Bakay 
R, Patel P, Blesch A, Vahlsing HL, Ho G et al (2005) A 
phase 1 clinical trial of nerve growth factor gene therapy 
for Alzheimer disease. Nat Med 11:551—555 

Rafii MS, Baumann TL, Bakay RA, Ostrove JM, 
Siffert J, Fleisher AS, Herzog CD, Barba D, Pay M, 
Salmon DP et al (2014) A phase 1 study of stereo- 
tactic gene delivery of AAV2-NGF for Alzheimer’s 
disease. Alzheimers Dement 10:571—581 

Petrou P, Gothelf Y, Argov Z, Gotkine M, Levy YS, 
Kassis I, Vaknin-Dembinsky A, Ben-Hur T, Offen D, 
Abramsky O et al (2016) Safety and clinical effects of 
mesenchymal stem cells secreting neurotrophic factor 
transplantation in patients with amyotrophic lateral 
sclerosis: results of phase 1/2 and 2a clinical trials. 
JAMA Neurol 73:337—344 

Li WW, Li J, Bao JK (2012) Microautophagy: lesser- 
known self-eating. Cell Mol Life Sci 69:1125-1136 
Kaushik S, Cuervo AM (2018) The coming of age of 
chaperone-mediated autophagy. Nat Rev Mol Cell 
Biol 19:365-381 


18. 


19. 


20. 


21. 


22, 


25. 


24. 


23; 


26. 


pap 


28. 


29. 


6 GeneTherapy Strategies: Gene Augmentation 


Feng Y, He D, Yao Z, Klionsky DJ (2014) The 
machinery of macroautophagy. Cell Res 24:24—41 
Sarkar S (2013) Regulation of autophagy by mTOR- 
dependent and  mTOR-independent pathways: 
autophagy dysfunction in neurodegenerative diseases 
and therapeutic application of autophagy enhancers. 
Biochem Soc Trans 41:1103-1130 

Yu L, Chen Y, Tooze SA (2018) Autophagy path- 
way: cellular and molecular mechanisms. Autophagy 
14:207-215 

Klionsky DJ, Abdalla FC, Abeliovich H, Abraham 
RT, Acevedo-Arozena A, Adeli K, Agholme L, 
Agnello M, Agostinis P, Aguirre-Ghiso JA et al (2012) 
Guidelines for the use and interpretation of assays for 
monitoring autophagy. Autophagy 8:445—544 
Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, 
Abeliovich H, Acevedo Arozena A, Adachi H, Adams 
CM, Adams PD, Adeli K et al (2016) Guidelines for 
the use and interpretation of assays for monitoring 
autophagy (3rd edition). Autophagy 12:1—222 
Klionsky DJ, Eskelinen EL, Deretic V (2014) 
Autophagosomes, phagosomes, autolysosomes, pha- 
golysosomes, autophagolysosomes... wait, I’m con- 
fused. Autophagy 10:549—551 

Nobrega C, Simoes AT, Duarte-Neves J, Duarte S, 
Vasconcelos-Ferreira A, Cunha-Santos J, Pereira 
D, Santana M, Cavadas C, de Almeida LP (2018) 
Molecular mechanisms and cellular pathways impli- 
cated in Machado-Joseph disease pathogenesis. Adv 
Exp Med Biol 1049:349-367 

Matos CA, de Almeida LP, Nobrega C (2019) 
Machado-Joseph disease/spinocerebellar ataxia type 
3: lessons from disease pathogenesis and clues into 
therapy. J Neurochem 148:8—28 

Hara T, Nakamura K, Matsui M, Yamamoto A, 
Nakahara Y, Suzuki-Migishima R, Yokoyama M, 
Mishima K, Saito I, Okano H et al (2006) Suppression 
of basal autophagy in neural cells causes neurodegen- 
erative disease in mice. Nature 441:885—889 
Nascimento-Ferreira I, Santos-Ferreira T, Sousa- 
Ferreira L, Auregan G, Onofre I, Alves S, Dufour N, 
Colomer Gould VF, Koeppen A, Deglon N et al (2011) 
Overexpression of the autophagic beclin-1 protein 
clears mutant ataxin-3 and alleviates Machado-Joseph 
disease. Brain 134:1400-1415 

Onofre I, Mendonca N, Lopes S, Nobre R, de Melo 
JB, Carreira IM, Januario C, Goncalves AF, de 
Almeida LP (2016) Fibroblasts of Machado Joseph 
disease patients reveal autophagy impairment. Sci 
Rep 6:28220 

Nascimento-Ferreira I, Nobrega C, Vasconcelos- 
Ferreira A, Onofre I, Albuquerque D, Aveleira C, 
Hirai H, Deglon N, Pereira de Almeida L (2013) 
Beclin 1 mitigates motor and neuropathological defi- 
cits in genetic mouse models of Machado-Joseph dis- 
ease. Brain 136:2173-2188 


It was already mentioned throughout this book 
that gene therapy was primarily developed as a 
strategy targeting recessive monogenic disor- 
ders caused by non-functional mutant genes, 
where in theory the simple addition of a func- 
tional (non-mutated) copy of the causative 
gene would be enough to counteract the dis- 
ease phenotype and cure the disease. 
Nevertheless, for more complex diseases, the 
addition of a normal gene is not enough to 
revert the disease phenotype. For example, in 
dominantly inherited disorders, the presence of 
a single abnormal allele is sufficient to lead to 
disease manifestation, and thus a gene therapy 
should instead be able to shut down (or silence) 
the expression of that abnormal gene. Although 
this strategy is not so linear and easy, the pos- 
sibility of silencing the expression of mutant 
genes using gene therapy approaches became 
possible with the development of antisense oli- 
gonucleotides (ASOs) and with the discovery 
of the RNA interference (RNAi) pathway. 
Despite several differences that will be 
explored further in this chapter, gene therapy 
strategies based on these two tools have been 
demonstrated to be efficient in treating domi- 
nant genetic diseases. More recently, gene 
editing tools have also been used to perform 
gene silencing, including at the DNA level, for 
example by introducing a premature stop 
codon or by removing the defective gene; how- 
ever, this and other gene editing approaches 
will be discussed in Chap. 8. 
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7.1 Antisense Oligonucleotides 

In a general way, antisense oligonucleoties 
(ASOs) are synthetic, unmodified or chemically 
modified, single-stranded nucleic acid molecules 
with a size ranging from 8 to 50 nucleotides, that 
hybridize to their messenger RNA (mRNA) target 
through Watson and Crick base pairing. ASOs 
were discovered in 1978 by Stephenson and 
Zamecnik [1], who observed that a tridecamer oli- 
godeoxynucleotide complementary to Rous sar- 
coma virus 358 RNA was an efficient inhibitor of 
the translation of viral proteins and thus of the 
viral replication cycle. Two decades later, in 1998, 
the FDA approved the first antisense therapy 
product to treat cytomegalovirus-induced chorio- 
retinitis, named Vitravene, which was developed 
by Isis Pharmaceuticals [2]. In fact, this company, 
now known as Ionis Pharmaceuticals, is the prin- 
cipal booster of ASOs technology, currently hav- 
ing two ASO-based therapies approved in the 
USA and one in Europe (see Chap. 1). 


7.1.1 ASOsGenerations 

The first applications of natural DNA-mimicking, 
unmodified, ASOs demonstrated that the phos- 
phoribose backbone undergoes rapid degradation 
by exonucleases and endonucleases, thus limit- 
ing their clinical potential. Moreover, these 
unmodified ASOs also demonstrated a weak 
affinity for their target. These important limita- 
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tions led to the development of several chemical 
modifications in ASOs, aiming also at increasing 
their efficacy and bioavailability. The different 
modifications and improvements made to ASOs 
led to their classification into three generations 
(Fig. 7.1). 

The first generation of ASOs was developed 
by replacing oxygen by a sulfur atom in the phos- 
phate group to form phosphorothioates (PS) or a 
methyl group to form methylphosphonates [3]. 
These modifications facilitated the ASOs produc- 
tion, enhanced stability and increased the ASOs 
plasma half-life, by improving their resistance to 
nuclease degradation and reducing binding to 
serum proteins. One important feature distin- 
guishes the two types of first-generation ASOs; 
the methyl-modified oligonucleotides do not 
allow RNAse H-mediated cleavage of the target 
mRNA, whereas the PS-modified oligonucle- 
otides maintain this feature, allowing their use 
for RNA silencing purposes [4]. Nevertheless, 
these modifications also resulted in some disad- 
vantages. For example, methyl-modified oligo- 
nucleotides showed reduced solubility and 
cellular uptake (due to the lack of charge), while 
the PS-modified oligonucleotides had reduced 
affinity for the target and displayed some toxic 
effects. 

The second generation of ASOs aimed to 
overcome the main limitations of the previous 
generation, namely by improving the affinity for 
the target mRNA, increasing ASOs resistance 
against nuclease degradation and reducing their 
immunostimulatory activity [3]. The second gen- 
eration of ASOs was developed through the intro- 
duction of alkyl modifications at the 2’-position 
of the ribose sugar. The most relevant second 
generation ASOs examples are the 2'-O-methyl 
(2’-OME) and 2’-O-methoxyethyl (2’-MOE) 
ASOs. Despite bringing some improvements and 
advantages, these modifications prevented the 
recruitment of RNAse H, not being able to induce 
mRNA degradation and thus exerting their activ- 
ity by steric blocking [5]. 

Finally, the third generation of ASOs 
includes locked nucleic acids (LNA), peptide 
nucleic acids (PNA) and morpholino phosphoro- 
amidates (MF) and was developed through the 
chemical modification of the furanose ring of the 
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ASOs, along with changes to phosphate linkages 
[6]. These modifications enhanced stability, 
strengthened affinity to the target mRNA and 
improved their pharmacokinetic profiles. 
However, similarly to the second generation 
ASOs, third generation ASOs cannot induce 
RNAse H degradation. As their backbone has no 
charge, these ASOs do not have affinity for serum 
proteins, which reduces the unspecific interac- 
tions, but, on the other hand, leads to their rapid 
elimination from the body. Therefore, third gen- 
eration ASOs require delivery systems that 
improve their cellular uptake. 

From this description of each generation of 
ASOs, it is clear that there are advantages and 
limitations to each one of them, and therefore 
their choice as therapy agents should be weighted 
carefully (Table 7.1). Moreover, despite the fact 
that the introduced modifications aimed at 
improving different features of the ASOs, their 
application as a therapeutic strategy in preclinical 
or clinical studies is very dependent on the par- 
ticular molecular targets, cells, disease and sev- 
eral other important aspects that are involved. 


7.1.2 Important Considerations for 
the Use of ASOs in Gene 


Therapy 


From the different features of each ASOs genera- 
tion, several issues emerge that are important to 
appreciate when considering ASOs use in gene 
therapy. 

First, depending on their chemical modifica- 
tion, the functional mechanism of ASOs can lead 
to target mRNA degradation or to a translational 
arrest, among others. These different functional 
mechanisms are important in terms of gene ther- 
apy application and outcomes and thus should be 
taken into consideration. 

Second, the ASOs pharmacokinetic profile 
depends on their chemical modifications. For 
example, PS-ASOs exhibit high affinity for 
plasma proteins, preventing their elimination 
from the organism, although the increased unspe- 
cific interactions reduce their efficiency. On the 
contrary, neutrally charged ASOs (e.g., MF) have 
less tendency to bind plasma proteins, reducing 
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Fig.7.1 Chemical modifications made to the antisense 
oligonucleotides (ASOs) backbone that are the basis of 
the different ASOs generations. These modifications were 
engineered to improve ASOs efficacy, tolerability profile 
and bioavailability. In the first generation of modified 
ASOs, the non-bridging oxygen atom of the ASOs back- 
bone was replaced with a sulfur atom (or a methyl group), 
improving the resistance to nucleases and the cellular 


uptake. In the second generation, the changes were intro- 
duced in the ribose sugar, improving ASOs safety and effi- 
cacy profiles. Finally, the third generation of ASOs 
included the chemical modification of the furanose ring, 
along with changes to the phosphate linkages. These mod- 
ifications resulted in enhanced stability, a stronger affinity 
for the target mRNA and better pharmacokinetic profiles. 
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unspecific interactions but increasing their clear- 
ance. Systemic delivery of ASOs results in a 
broad distribution to most tissues, with the excep- 
tion of the central nervous system (CNS), as they 
do not cross the blood-brain barrier. To overcome 
this important limitation, several studies focused 
on the delivery of ASOs by intrathecal injection, 
leading to a rapid and broad distribution into the 
brain and spinal cord [7]. In fact, the ASOs ther- 
apy (Spinraza®) currently approved for spinal 
muscular atrophy (SMA) is based on intrathecal 
administration [8]. 

Third, an important limitation for the success of 
ASOs in clinical applications is their poor cellular 
uptake due to their negatively charged nature (at 
least for some types of ASOs). For this reason, 
delivery of ASOs has also employed different sys- 
tems that increase cellular entry efficiency, for 
example electroporation and microinjection [9]. 
Finally, intracellular trafficking 1s another impor- 
tant issue for ASOs. Even with the poor cellular 
uptake, ASOs can enter the cell through endocyto- 
sis and eventually need to escape from the endo- 
somes, which is now recognized as the main 
limiting step in oligonucleotide therapy. Several 
strategies can be used to overcome this limitation, 
such as altering the endosomal barrier or modulat- 
ing intra-endosomal pH [7]. 

Despite all these considerations, ASO- 
mediated gene therapy is again in the center of 
the stage, with several therapies being tested for 
different conditions and many of them in 
advanced stages of clinical trials. 


7.1.3 Functional Mechanisms 


ASOs can exert their action through different 
functional ways, which can be categorized into 
two main types of mechanisms: an RNAse 
H-dependent mechanism, that leads to mRNA 
degradation, and RNAse H-independent mecha- 
nisms, that act through nucleic acid occupancy 
only (Fig. 7.2) [10]. 

In the first type of mechanism, upon base pair- 
ing, the ASOs form an RNA-DNA hybrid with 
the target mRNA, becoming a substrate for 
RNAse H, which then cleaves the mRNA and 
leaves the ASOs intact. However, to mediate this 


131 


mechanism, ASOs need to have at least a portion 
of 2’ unmodified nucleotides and, for this reason, 
only the first generation of ASOs displays this 
functionality. 

On the contrary, the second type of mecha- 
nisms is based on the occupancy of target mRNA 
or even of the DNA. Several effects are possible, 
such as blocking interaction with RNA binding 
proteins, thus inhibiting translation, or altering 
RNA processing through the modulation of splic- 
ing. Recently, ASOs that inhibit microRNA 
(miRNA) function were also developed. These 
ASOs reduce the silencing activity of miRNAs 
and consequently increase the levels of the 
mRNAs they target. 


7.1.4 ASOs Applications in Gene 
Therapy 


Polyglutamine (PolyQ) Diseases 
Polyglutamine (polyQ) diseases are a group of 
nine rare neurodegenerative disorders, each 
caused by an abnormal expansion of the trinucle- 
otide CAG in the respective causative gene, giv- 
ing rise to an abnormal polyQ tract in the protein 
therein encoded (Fig. 7.3). These abnormal pro- 
teins tend to aggregate, forming insoluble protein 
aggregates, which are a key hallmark of polyQ 
diseases. The toxic nature of the aggregate spe- 
cies remains unclear, since it is not completely 
understood whether they are the cause or the con- 
sequence of the progressive neurodegeneration 
observed in these diseases [11]. The group 
includes Huntington’s disease (HD), 
dentatorubral-pallidoluysian atrophy (DRPLA), 
spinal and bulbar muscular atrophy (SBMA), and 
six different spinocerebellar ataxia types (SCA I, 
2, 3, 6, 7, and 17). These disorders mostly affect 
the CNS and, so far, there is no available therapy 
that is capable of delaying or stopping disease 
progression [12]. 

Due to their mostly dominant genetics (SBMA 
is an exception) and the fact that disease is regarded 
as resulting from a toxic gain-of-fuction by the 
expanded proteins, the use of gene silencing strate- 
gies is a viable therapy option for polyQ diseases, 
aiming to reduce the expression of the mutant pro- 
tein. In line with this idea, several preclinical stud- 
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this latter category, several effects can be produced by the 
ASOs, including the modulation of the splicing pro- 
cess (by interfering with the activity of small nuclear ribo- 
nucleoproteins - snRNPs), the inhibition of translation or 
blocking of microRNAs. 
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ies showed the potential of ASOs in specifically 
reducing mutant polyQ-expanded protein levels 
and  disease-associated abnormalities [13]. 
Different generations of ASOs have been tested in 
animal models, thus exploring different functional 
mechanisms, such as mRNA degradation or trans- 
lation inhibition (Table 7.2). Overall, these pre- 
clinical studies report results that are promising for 
future clinical studies. In fact, there is an ongoing 
clinical trial for HD using ASOs from Ionis 
Pharmaceuticals. The first results showed a safe 
profile for the therapy and a dose-dependent reduc- 
tion of mutant huntingtin (the causative protein) in 
the cerebrospinal fluid [14]. 


Spinal Muscular Atrophy (SMA) 

Spinal muscular atrophy (SMA) comprises a 
group of genetic disorders characterized by 
degeneration of anterior horn cells and resultant 
muscle atrophy and weakness. Around 95% of 
the SMA cases are caused by an autosomal reces- 
sive deletion or mutation in the survival of motor 
neuron (SMN1) gene [15]. SMN2 is another gene 
form present in humans, responsible for around 
10% of the physiological levels of the SMN pro- 
tein (see Chap. 6 and Fig. 6.2). In SMA patients 
with the mutation in the SMN/ gene, protein pro- 
duction relies on the SMN2 gene alone, which, 
despite being low, ensures enough SMN protein 
for survival. Thus, it is not surprising that the 
clinical severity of SMA inversely correlates with 
the $MN2 gene copy number. 

The presence and features of the SMN2 gene 
are the basis for the approved ASOs therapy for 
SMA patients. Spinraza® is a intrathecally deliv- 
ered 2-MOE-PS oligonucleotide from lonis 
Pharmaceuticals, whose functional mechanism is 
based on modulation of SMN2 gene splicing [8]. 
Studies using this therapy yielded encouraging 
results, as the ASOs administration showed a 
good safety profile and tolerability, leading to its 
approval by the FDA and EMA. 


Duchenne Muscular Dystrophy (DMD) 

Duchenne muscular dystrophy (DMD) is an 
X-linked recessive disease characterized by pro- 
gressive muscular degeneration and weakness. It 
is caused by different mutations (deletions, inser- 
tions and point mutations) in the DMD gene, 
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resulting in a prematurely truncated, unstable 
dystrophin protein [16]. The protein is expressed 
at the muscle sarcolemma, in a protein complex 
that links the cytoskeleton to the basal lamina. 
However, the exact mechanism by which dystro- 
phin deficiency leads to muscle fiber degenera- 
tion is not yet completely elucidated [17]. 
Although DMD is a recessive disease, the 
large size of the DMD gene, with more than 70 
exons (more than 220 kb), makes it unsuitable, or 
at least challenging, to use a therapeutic strategy 
that would supply a normal copy of the gene. 
Interestingly, the functional versatility of ASOs, 
namely the possibility of modulating splicing, 
provides an important opportunity for DMD ther- 
apy, through the generation of a functional pro- 
tein by skipping DMD-causing mutations. Based 
on this versatility, Sarepta Therapeutics devel- 
oped an ASO-based therapy for DMD, which 
was approved by the FDA in 2016 under the 
name Exondys 51™ (eteplirsen). The ASOs in 
question is a phosphorodiamidate morpholino 
oligomers that promote specific skipping of 
DMD exon 51 (in defective gene variants) lead- 
ing to the restoration of the normal DMD reading 
frame and the production of a functional dystro- 
phin protein (Fig. 7.4) [18]. A pooled analysis of 
different studies using this ASOs-based drug 
revealed an increase in dystrophin-positive fibers 
in muscles and an improvement of walking dis- 
tance in treated patients, although the clinical sig- 
nificance of these results is still unclear [19]. 


Other Diseases 

The versatility of ASOs functional mechanisms, 
as well as their easy design and production, 
makes them attractive therapeutic agents for sev- 
eral diseases. Recently, an ASOs-based product 
named Tegsedi™ (inotersen) was approved in the 
USA as a treatment for hereditary transthyretin- 
mediated amyloidosis [20]. 

Apart from the approved products based on 
ASOs technology that were described in the 
above sections, several clinical trials are also cur- 
rently ongoing for other diseases, including amy- 
otrophic lateral sclerosis, Alzheimer’s disease 
and frontotemporal dementia. These and other 
clinical trials highlight the interest and potential 
of ASOs technology for gene therapy, and new 
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Fig. 7.3 Genes and proteins involved in polyglutamine diseases, highlighting the number of glutamine repetitions 
associated with the diseases phenotypes. 


Table 7.2 Studies using antisense oligonucleotides to treat polyglutamine diseases. 


Disease Chemistry Administration route, Reference 


Huntington's disease | mutHTT cEt gapmer RNAse Intraparenchymal | Carroll et al. 
H-mediated (2011) 
degradation 


mutHTT PS-2'0OME RNAse ICV Kordasiewicz 
gapmer H-mediated et al. (2012) 
degradation 


mutHTT PS-2’? OME RNAse ICV 
cET gapmer H-mediated 
degradation 
mutHTT 2 MOE RNAse ICV 
gapmer H-mediated 
degradation 
mutHTT cET RNAse ICV 
H-mediated 
degradation 
mutHTT PMO Translation ICV 
blockade 
HTT PS-2 OME Exon skipping Intraparenchyma Evers et al. 
eee nd 
SCA2 Ataxin-2 2 MOE RNAse ICV Pulst (2016) 
gapmer H-mediated 
degradation 
g ICV 





Ostergaard et al. 
(2013) 





Stanek et al. 
(2013) 


Southwell et al. 
(2014) 





Sun et al. (2014) 





SCA3/MJD Ataxin-3 PS-2 OME Exon skipping Toonen et al. 
(2017) 
SBMA Androgen cEt gapmer RNAse Subcutaneous Lieberman et al. 
receptor H-mediated (2014) 
degradation 


Androgen cEt/2’ MOE RNAse 





Sahashi et al. 
(2015) 


receptor gapmer H-mediated 
degradation 





HTT Huntingtin 
ICV intracerebroventricular 
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ASOs-based therapies may be approved in the 
next years. Nevertheless, the failure of some clin- 
ical trials using ASOs or the toxicity effects 
observed in some studies also recommend pro- 
ceeding with caution, in order to build solid pre- 
clinical and clinical data ensuring the safety and 
efficacy of therapies. 


7.2 RNA Interference 

The discovery of the RNA interference (RNAI) 
pathway [21] revolutionized the molecular biol- 
ogy research field, providing important tools for 
studying genes and importantly constituting a 
new opportunity for gene therapy to treat genetic 
dominant disorders, where silencing of the 
mutant gene is essential to counteract the disease 
phenotype. 

Several observations made in plant experi- 
ments, based on the introduction of antisense, 
exogenous genes, led researchers to postulate the 
existence of a posttranscriptional gene silencing 
mechanism [22-25]. In those studies, researchers 
observed a reduction in the expression of endoge- 
nous and exogenous genes, in a phenomenon 
named co-suppression. However, it was only in 
1998 that Andrew Fire and Craig C. Mello demon- 
strated an efficient interference of gene expression 
by double-stranded RNA molecules in an animal 
species - C. elegans [21]. In this breakthrough 
study, the Nobel-awarded researchers (2006 Nobel 
Prize in Medicine or Physiology) observed that the 
introduction of exogenous double-stranded RNAs 
(dsRNAs) led to the silencing of a particular target 
gene. Now, it is known that RNAi is a cellular 
pathway conserved among several organisms, 
including in eukaryotes, being crucial in the regu- 
lation of gene expression and in the innate defense 
against invading viruses. 

RNAi-based tools proved very successful in 
biomedical research, allowing researchers to 
apply gene silencing strategies for target identifi- 
cation and validation. Their use as therapeutics is 
also quite promising, and several clinical trials 
have been performed or are ongoing using small 
regulatory RNAi molecules. Importantly, their 
use is widespread in different biotechnology 
areas, including crop improvement [26]. 
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7.2.1 Gene Expression Regulation 


in Eukaryotes 


The central dogma of molecular biology estab- 
lishes a unique direction of information flow 
from the DNA to RNA and finally to protein. It is 
now known that there are exceptions to this 
dogma, although it remains actual and accurate 
for most of the eukaryotic protein-coding genes. 
The human genome is estimated to have around 
20,000 genes that codify for proteins (Table 7.3), 
whereas the number of genes that codify for dif- 
ferent RNA species (e.g., noncoding RNAs, 
small regulatory RNA) is much higher. However, 
in a given cell and at a particular timepoint, only 
approximatively half of these genes are expressed, 
i.e., transcribed into RNA [27, 28]. This happens 
because gene expression in each cell is tightly, 
and differently, regulated. Differences in gene 
expression provide different features and proper- 
ties to each cell type of a particular organism, 
despite all of them having the same DNA in their 
nuclei. Some important genes are expressed in all 
cells (constitutive genes), whereas the expression 
of others is dependent on internal cell factors and 
external factors and stimuli. 

In order for cells to maintain their functions 
and homeostasis, gene expression is regulated at 
different points (Fig. 7.5). The first point of regu- 
lation is the chromatin control. Inside the cell 
nucleus, DNA binds to histone proteins, 
constituting the chromatin. When the DNA is 
tightly wrapped around histones, excess packag- 
ing prevents gene transcription, by preventing the 
coupling of transcription factors to the genes. 
Moreover, epigenetic events and the involvement 
of small regulatory RNAs contribute to gene 
silencing at the chromatin level, thus regulating 
gene expression in cells [29]. 

The next control step concerns the regulation 
of transcription. Even if the DNA is unwound 
and the genes are exposed, for transcription to 
occur several proteins need to be recruited. The 
binding of transcription factors can promote or 
repress transcription of a given gene, thus regu- 
lating its expression. 

Next, there is the regulation of gene expres- 
sion at the RNA processing level, in which the 
transcribed RNA undergoes different modifica- 
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Fig. 7.4 Antisense oligonucleotides-based therapy for 
Duchenne muscular dystrophy (DMD). DMD is caused 
by different mutations in the DMD gene, leading to abnor- 
mal mRNA splicing and resulting in the production of a 
prematurely truncated, unstable, and nonfunctional dys- 


tions, for example splicing, capping and addition 
of a poly-A tail, in order to yield functional 
mature RNA molecules to be exported from the 
nucleus. The control of these types of modifica- 
tions also constitutes a level of gene expression 
regulation [30]. At this point, alternative splic- 
ing of primary transcripts is yet another way for 
cells to regulate gene expression, by altering the 
mRNA products of the same gene. 

The following regulation point concerns RNA 
stability. The lifetime of a mRNA molecule is an 
important factor for their translation into pro- 
teins. Binding of mRNA to RNA-binding pro- 
teins or to small regulatory RNAs such as RNAi 
molecules can prevent translation and target 
mRNA for degradation or, on the contrary, 
increase their stability promoting translation. 
Thus, RNA stability is now recognized as an 
important player in the regulation of gene expres- 
sion [31 ]. 


but functional 


trophin protein. A gene therapy for DMD has been 
approved, based on ASOs that target the splicing process. 
It leads to the skipping of exon 51, generating an inter- 
nally deleted dystrophin protein’ that is 
nonetheless functional. 


The translation process is yet another impor- 
tant point, being divided into three phases: initia- 
tion, elongation and termination. Initiation is 
probably the most important step to be regulated, 
and players involved in the, process other than 
the mRNA molecules, such as initiation factors 
or ribosomes, can also be involved in the regula- 
tion of mRNA translation and, ultimately, of gene 
expression [32]. 

Finally, the post-translational modifications 
are the ultimate point of regulation of gene 
expression. Translated proteins can undergo a 
variety of modifications: some are permanent 
(e.g., proteolytic cleavage), whereas others are 
reversible (e.g., phosphorylation), but both types 
can affect protein activity, function and turnover, 
ultimately constituting a form of gene expression 
regulation. 

The RNAi pathway interferes with gene expres- 
sion through the action of particular small RNA 


7.2 RNA Interference 


Table 7.3 Overview of the human genome genes and 
their function (according to GENCODE, Human Release 
30). 


Estimated 

Gene class Function number 
Messenger Protein coding 19,986 
RNA 
Long Gene regulation 16,193 
noncoding 
RNA 
Small Gene regulation 7,516 
noncoding 
RNA 
MicroRNA Translational inhibition 1,881 

and mRNA degradation 
Small nuclear | Processing of 1,901 
RNA pre-mRNA 
Small Processing of rRNA, 942 
nucleolar tRNA, and snRNA 
RNA 
Antisense Gene regulation 5,611 
RNA 


species that bind to mRNA targets and lead to their 
cleavage or degradation, or block their translation. 
The following sections describe these molecules 
and their functions, in the context of the two sub- 
pathways into which RNAi can be divided. 


7.2.2 The Small Interfering RNA 


Pathway 


Small or short interfering RNAs (siRNA) are 
~22-nucleotide-long, double-stranded molecules 
with two-nucleotide 3’overhangs. The siRNA 
pathway starts with the cleavage of double- 
stranded RNAs (dsRNAs) by Dicer to form the 
siRNAs. The dsRNAs' can originate from viruses 
or transposons. The resulting siRNAs are then 
assembled into the minimal RNA-induced 
silencing complex (RISC) with an Argonaute 
protein. In this complex, the siRNA double strand 
is separated, with the passenger strand being 
discarded and the guide strand remaining linked 
to Argonaute. Then, RISC binds to a complemen- 
tary mRNA sequence and silences it via the 
cleavage activity of Argonaute (Fig. 7.6). In 
humans, there are four Argonaute proteins (1—4), 
although only Ago2 presents slicer activity [33]. 
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Nevertheless, other human Ago proteins can still 
participate in gene regulation by binding the tar- 
get mRNA molecules and inhibiting their 
translation. 


7.2.3 The MicroRNA Pathway 


MicroRNAs (miRNAs) are ~22-nucleotide-long, 
double-stranded molecules encoded by specific 
genes in the nucleus that were first discovered in 
1993, independently from the RNAi pathway 
[34]. The miRNA pathway starts in the nucleus, 
where miRNA genes are transcribed by RNA 
polymerase II, forming the primary-miRNA 
(pri-miRNA), which is at least 1000-nucleotide 
long, with single or clustered double-stranded 
hairpins (Fig. 7.7). The pri-miRNA is then 
cleaved by Drosha in the nucleus, resulting in the 
formation of a precursor miRNA (pre-miRNA) 
with around 70 nucleotides. The pre-miRNA 
associates with Exportin-5 to be exported to the 
cytoplasm. There, the miRNA pathway con- 
verges with the siRNA pathway, and the pre- 
miRNA is also processed by Dicer and assembled 
into RISC (Fig. 7.6). 


7.2.4 Small Interfering RNAs Versus 
MicroRNAs 


Despite converging in the final steps of the RNAi 
pathway, siRNAs and miRNAs share important 
differences that provide some specific features to 
each pathway, including their origin, number of 
mRNA targets or the molecular mechanism of 
gene regulation (Table 7.4). 

One important difference between siRNAs and 
miRNAs is that siRNAs have a complete comple- 
mentarity to the target mRNA (in the coding 
region), whereas miRNAs are only partially com- 
plementary, typically in the 3’UTR region of tar- 
get mRNA (Fig. 7.8) (nevertheless, siRNAs 
designed with partially complementary binding 
sites have been implemented to study translational 
repression) [35]. From this difference emerge 
other important dissimilarities between the two 
pathways. First, if there is complete complemen- 
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mRNA and, importantly, control of its stability are other 
points of gene expression regulation (4). The next level of 
control is protein translation (5), since different mecha- 
nisms and players can promote or repress the translation 
of a particular mRNA. Finally, several post-translational 
modifications (6) of the proteins can alter their functional- 
ity and turnover, thus constituting a last level of control of 
gene expression. 


7.2 RNA Interference 


tarity, which is the case of the siRNA pathway, 
then Argonaute cleaves the mRNA through its 
catalytic activity. On the other hand, in the miRNA 
pathway, while the incomplete complementarity 
may also lead to the degradation of the target 
mRNA, this does not occur through the catalytic 
activity of Argonaute, and the pathway may also 
lead to translational repression of the mRNA 
instead. Second, due to its complete complemen- 
tarity, siRNAs target one single mRNA, whereas 
miRNAs can target multiple mRNAs. This par- 
ticularity of miRNAs may be an important advan- 
tage in the treatment of complex multigenic 
diseases using gene therapy, which require the 
targeting of multiple genes. 

Another important difference between the two 
RNAi pathways concerns the biogenesis of each 
regulatory molecule. MiRNAs are constitutively 
expressed by specific genes, whereas siRNAs 
have their origin in transposons and viruses. In 
the context of gene therapy applications, both 
siRNAs and miRNAs have advantages and disad- 
vantages, although the former was far more tested 
in clinical studies. Nevertheless, they are both 
quite attractive as therapeutic tools, as they can 
target virtually any gene, which is difficult or 
almost impossible to achieve using small mole- 
cules or protein-based products. 


7.25 Small Interfering RNAs Versus 


Short Hairpin RNAs 


The use of siRNAs as a molecular tool for gene 
knockdown experiments or as a therapeutic agent 
has some important disadvantages. For example, 
siRNAs do not allow a long-term expression, lim- 
iting their use in cells to a 72 hours maximum and 
demanding continuous applications in their use 
as therapy. The transient effect also requires that 
siRNAs be administered in high doses, to allow a 
therapeutic effect. This important fact contributes 
to innate immune response and toxicity events, 
detected upon synthetic siRNAs administration, 
which strongly limits their clinical application as 
therapeutic agents. Moreover, in systemic deliv- 
ery, siRNAs are rapidly degraded by blood nucle- 
ases, and their uptake is low in most organs and 
cells (except for the liver). 
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Trying to overcome these limitations, an alter- 
native to siRNAs can be the use of short hairpin 
RNAs (shRNAs), which are artificial noncoding 
RNAs with a stem-loop structure, which can be 
expressed in the nucleus and use part of the miRNA 
pathway. They mimic a pri-miRNA and are pro- 
cessed by Drosha and exported to the cytoplasm by 
Exportin-5. The shRNAs are usually delivered 
through viral vectors and thus can achieve a per- 
manent expression when using integrative virus. 
Like siRNA s, they are fully complementary to the 
target mRNA, although, in the last years, several 
studies showed less off-target effects of shRNAs 
comparing to siRNAs (Table 7.4) [36]. 


7.2.6 Gene Therapy Applications of 
RNAi 


The discovery of the RNAi mechanism led to a 
huge development in gene therapy preclinical trial 
studies, which ultimately resulted in several clini- 
cal studies involving siRNAs, shRNAs and miR- 
NAs. Besides the efficacy issue, clinical studies 
involving RNAi molecules also focus on toxicity 
and delivery aspects. 

To date, more than 30 clinical trials were car- 
ried out using RNAi molecules (mainly siRNAs) 
for different therapeutic indications, especially 
cancer and ophthalmic conditions [37]. Cancer is 
a preferential target for RNA silencing mole- 
cules, aiming to inhibit genes related to uncon- 
trolled cell growth, angiogenesis, metastasis and 
drug resistance. On the other hand, ocular condi- 
tions are also a good target as eyes are immune- 
privileged sites where local delivery can be 
achieved. Nevertheless, siRNA, shRNA or 
miRNA molecules were also studied as therapeu- 
tic effectors for several other conditions, includ- 
ing cardiovascular or infectious diseases. 

Recently the first RNAi-based gene therapy 
product was approved in Europe and the USA for 
hereditary transthyretin-mediated amyloidosis. 
Onpattro " (patisiran) is a siRNA encapsulated 
within a liposome nanoparticle, administrated 
intravenously once every 3 weeks, which was 
demonstrated to elicit an average knockdown of 
87% (maximum of 96%) of the protein causing 
the disease (transthyretin - TTR) [20]. 
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Fig. 7.6 The RNA interference (RNAi) pathway is a 
cellular pathway conserved among several organisms, 
including eukaryotes, being crucial in the regulation of 
gene expression and in the innate defense against invading 
viruses. RNAi has two main subpathways: the small inter- 
fering RNA (siRNA) and the microRNA (miRNA) path- 
ways. The siRNA pathway starts with the introduction of 
a dsRNA molecule into the cell (1A), while the 


miRNA pathway is initiated with the transcription of pri- 
miRNA and its processing in the nucleus (1B). In the 
cytoplasm of the cell, the two pathways converge, as both 
molecules are processed by Dicer (2) and assembled into 
the RISC complex (3). This is followed by the elimination 
of the passenger strand (4) and the target mRNA silencing 
(5) through mRNA cleavage or by translational 
repression. 
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Fig. 7.7 MicroRNA secondary structure, highlighting 
the processing sites for Drosha and Dicer enzymes, as 
well as the seed region, which is the key binding location 
responsible for translation silencing. In the nucleus, the 


pri-miRNA is cleaved by Drosha into pre-miRNA, which 
is 60—70-nucleotide long. In the cytoplasm, the pre- 
miRNA, with its characteristic loop, is cleaved by Dicer, 
yielding the mature miRNA molecule. 


Table 7.4 Comparison between the main characteristics of the different molecules of regulatory RNAs from the RNAi 
pathway that can be used in gene therapy. 


Properties 
Origin 


Structure (prior 


to Dicer processing) 


Structure 


Complementarity 


mRNA target 


Mechanism of 
gene expression 
regulation 


Delivery to the cell 
Persistence 
Dosage required 


Likelihood of 
"off-target" effects 


7.2.7 RNAiTerms Glossary 


dsRNA - a long double-stranded noncoding 
RNA with more than 100 nucleotides, from 
different sources (e.g., transposons, viruses or 
artificially introduced in cells), which is pro- 
cessed by Dicer generating siRNAs. 


shRNA 


Transposons, viruses, Encoded by their own genes, Exogenous but encoded 
exogenous (synthetic) exogenous (synthetic) by genes (synthetic) 


Double-stranded RNA that 


Pre-miRNA contains 70—100 
contains 30 to over 100 nucleotides with mismatches 
nucleotides and hairpin structure 


21-23 nucleotide RNA 19-25 nucleotide RNA duplex | 21-23 nucleotide RNA 
duplex duplex 


Fully complementary to Partially complementary to Fully complementary to 


Double-stranded with 
loop 








target mRNA (coding region) | mRNA, typically targeting the | target mRNA (coding 
3’UTR region of the target region) 
mRNA 

Oe Multiple One 


Cleavage of mRNA Cleavage of mRNA / Cleavage of mRNA 


translational repression / 
degradation of mRNA 


Viral and non-viral systems Viral and non-viral 
systems 

Degraded after 48 hours Expressed for up to 3 years Expressed for up to 
3 years 





Non-viral systems 


High Low Low 


siRNA — a noncoding regulatory small double- 
stranded RNA molecule with 21—23 nucleo- 
tides, with two-nucleotide 3’ overhangs, 
originated from Dicer cleavage of dsRNAs. 

microRNA — a noncoding regulatory double- 
stranded RNA molecule (~22 nucleotides) 
encoded by specific genes in the nucleus and 
processed by Drosha and Dicer. 
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Fig. 7.8 Complementarity of siRNA and miRNA to 
target mRNA. siRNAs have a complete complementarity 
to target mRNA (in the coding region), whereas miRNAs 


shRNA - a noncoding small regulatory double- 
stranded RNA molecule that contains a loop 
structure, which is artificially introduced in 
cells, expressed in the nucleus, and processed 
to siRNA by Dicer in the cytoplasm. 

Drosha — a ribonuclease (RNase) III enzyme that 
processes pri-miRNAs and shRNAs in the 
nucleus. 

Dicer — an RNase III enzyme vital for the siRNA 
and miRNA pathways, generating small 
double-stranded RNA molecules suitable to 
be loaded into Argonaute protein. 

RISC - a ribonucleoprotein complex, consisting 
of an Argonaute protein bound to a guide 
strand from a siRNA or miRNA molecule, that 
fragments the target mRNA. 

Argonaute — an essential protein for RISC assem- 
bly, functioning in the recognition of the guide 
strand, target cleavage and recruitment of 
other important proteins involved in the silenc- 
ing process. 

dsRBP — a protein important for the Dicer pro- 
cessing of dsRNAs and subsequent passage to 


Seed 


are only partially complementary, through the seed region, 
typically to the 3'UTR region of the target mRNA. 


the RISC (e.g., TAR RNA-binding protein, 
TRBP). 

Guide strand — a single-stranded RNA molecule 
resulting from the separation of the siRNA or 
miRNA, that has complementarity the target 
mRNA, providing specificity to the RNAi 
process. 

Seed sequence — a region of 2-8 nucleotides in 
the guide strand whose complementarity to 
the target mRNA is critical to the silencing 
success. 


7.2.8 Gene Silencing as Therapy for 
Machado-Joseph Disease/ 
Spinocerebellar Ataxia Type 3 


Machado-Joseph disease is a fatal dominant 
inherited neurodegenerative disease, caused by 
an abnormal CAG expansion in the coding region 
of the ATXN3 gene. Along with the other eight 
polyglutamine diseases, it constitutes a larger 
group of monogenic inherited neurodegenerative 


73 Future Prospects on Gene Silencing 


disorders, for which there is currently no cure or 
treatment able to delay or stop disease progres- 
sion. Due to its monogenic cause, gene therapy 
Strategies are very promising, and its dominant 
character puts the strategy of gene silencing in 
the frontline of the possible approaches studied. 
In fact, several gene silencing preclinical studies 
were performed in the last years, showing both 
the efficiency and safety of the RNAi-based 
silencing of the ATXN3 gene. 

In 2008, a first study showed that allele-spe- 
cific silencing of mutant ATXN3 led to a signifi- 
cant decrease in the  neuropathological 
abnormalities associated with mutant ataxin-3 
expression in the rat striatum [38]. This specific 
silencing was possible due to the presence of a 
nucleotide polymorphism that is present in 70% 
of MJD/SCA3 patients, and the strategy was 
mediated by the delivery of an shRNA by lentivi- 
ral vectors. Later, the strategy also proved suc- 
cessful in reducing the neuropathological and 
behavior deficits when the shRNA was delivered 
into the cerebellum of two different mouse mod- 
els [39, 40]. More recently, it was shown that 
long-term expression of this shRNA is safe, as no 
toxicity or RNAi pathway saturation was 
Observed at 6 months after the lentiviral injection 
of the shRNA [41]. A non-viral delivery system 
was also studied, using lipid particles (SNALPs) 
encapsulating siRNA specifically targeting 
mutant ataxin-3. This strategy also reduced the 
neuropathological and behavior deficits in two 
MJD/SCA3 mouse models [42]. 

Other studies explored the potential of the 
miRNA pathway as a form of silencing the 
expression of mutant ataxin-3 and thus mitigate 
the disease phenotype. For example, an artificial 
miRNA mimic targeting human ataxin-3 mRNA 
led to a reduction of ataxin-3 expression in a 
mouse model; however, it failed to rescue its 
motor deficits [43]. Later, the overexpression of 
several miRNAs dysregulated in MJD/SCA3 was 
able to reduce mutant ataxin-3 levels, aggregates 
and neuronal dysfunction in a lentiviral MJD/ 
SCA3 mouse model [44]. 

Altogether, these preclinical studies clearly 
showed the potential of RNAi-based gene ther- 
apy strategies to mitigate MJD/SCA3-associated 
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abnormalities. However, until now, there are no 
studies testing these RNAi-based gene therapy 
strategies in clinical trials. Several factors con- 
tribute to this lack of translation, including the 
rare condition of MJD/SCA3 and the recent 
implication of the expanded RNA species in the 
toxicity observed in polyglutamine diseases. 
Moreover, the advent of gene editing strategies, 
where the DNA is the target, greatly contributed 
to a loss of interest in gene silencing strategies 
based on RNAi. 


7.3 Future Prospects on Gene 


Silencing 


The potential of gene silencing strategies for 
research and gene therapy is clear and well estab- 
lished for different diseases. The possibility to 
target particular mRNAs, thus controlling protein 
translation and ultimately gene expression, is a 
major advantage over conventional drugs that tar- 
get proteins, such as enzymes and receptors. For 
the gene therapy field, it promises to cure genetic 
diseases with a dominant character, by reducing 
the expression of the mutant gene and protein. 
Both ASOs and RNAi strategies yielded very 
promising and encouraging preclinical results, 
which could provide newly approved therapies in 
the near future. The choice of one tool or the 
other is much dependent, among other aspects, 
on the target disease, type of administration, 
delivery method and also the advantages and dis- 
advantages of each system (Table 7.5). For exam- 
ple, the diversity of functional mechanisms and 
chemical modifications of ASOs provide a strong 
advantage for this system. On the other hand, 
shRNAs and microRNAs are more easily pack- 
aged into different delivery vectors and therefore 
can provide a more robust and persistent gene 
silencing than ASOs. 

Despite the promising perspectives on the use 
of gene silencing techniques in human gene ther- 
apy, several challenges need to be addressed and 
overcome. Further studies should focus on pos- 
sible off-target effects, the improvement of deliv- 
ery techniques, a better understanding of the 
disease physiopathology in order to comprehend 
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Table 7.5 Advantages and disadvantages of the anti- 
sense oligonucleotide technology and of the RNA inter- 
ference pathway. 


Technology| Advantages Disadvantages 
ASOs Can lead to a May lead to 
considerable off-target effects 
downregulation of 
gene expression 
Several chemical Limited uptake in 
modifications can be | vivo 
made 
Different functional | Need for repeated 
mechanisms can be | administrations 
used 
Easy production Limited choice of 
delivery vectors 
Potential toxicity 
events 
RNAi Robust May lead to 


downregulation of 
gene expression 


off-target effects 


Multiple small Saturation of the 
RNAs to choose endogenous RNAi 
from (siRNA, pathway 

shRNA, miRNA) 

Multiple delivery Potential toxicity 


vectors can be used events 


Can achieve a 
long-term effect 


if gene silencing is enough to revert the pheno- 
type, the long-term safety profile and toxicity of 
the strategies, among other important subjects. 
The approval of gene therapy products based on 
ASOs technology and on the RNAi pathway 
exploitation, as well as the existence of several oth- 
ers in the pipeline for marketing approval, suggests 
that gene silencing can be an efficient and safe 
gene therapy strategy for several human diseases. 


This Chapter in a Nutshell 


e Silencing the expression of mutant genes 
using gene therapy approaches became possi- 
ble with the development of antisense oligo- 
nucleotides (ASOs) and with the discovery of 
the RNA interference (RNAi) pathway, thus 
allowing the treatment of genetically domi- 
nant diseases. 

e ASOs are synthetic, unmodified or chemically 
modified, single-stranded DNA molecules 
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with 8 to 50 nucleotides that hybridize to their 
target mRNA through Watson and Crick base 
pairing. 


e ASOs can exert their action in many func- 


tional ways, which can be categorized into 
two main mechanisms: RNAse H-dependent 
(mRNA degradation) and RNAse 
H-independent (nucleic acid occupancy only) 
mechanisms. 


* RNAi is a cellular pathway conserved among 


several organisms, including eukaryotes, that 
is crucial in the regulation of gene expression 
and in the innate defense against invading 
viruses. 


* [n eukaryotes, gene expression is regulated at 


different points and levels, including through 
chromatin control, transcription regulation, 
RNA processing, RNA stability modulation, 
translation regulation, and posttranslational 
modifications. 


e Small/short interfering RNAs (siRNA) are 


~22-nucleotide long molecules, formed 
through the cleavage of double-stranded 
RNAs (dsRNAs). They present full comple- 
mentarity with a single target mRNA mole- 
cule, leading to its cleavage. 


e MicroRNAs (miRNAs) are ~22-nucleotide 


long molecules encoded by their own genes, 
thus having a processing step in the nucleus. 
They exhibit partial complementarity with 
several target mRNAs. Besides leading to tar- 
get mRNA cleavage, they can also lead to its 
degradation or to its translational repression. 


Review Questions 


1. Which of the following features is common 
between ASOSs (antisense oligonucleotides) 
and siRNAs (small interfering RNAs)? 

(a) Composed of more than 100 nucleotides 
(b) Only of synthetic origin 

(c) Degradation involves the RISC complex 
(d) Degradation involves RNase H 

(e) High specificity 


2. Which of the following features is not 


improved in third-generation ASOs compared 
with the second generation? 


References and Further Reading 


(a) Nuclease resistance 

(b) Stability 

(c) Target affinity 

(d) Cellular uptake 

. Which of the following is not a functional 

action mechanism of ASOs? 

(a) RNAse H-mediated degradation 

(b) Translational arrest 

(c) Splicing modulation 

(d) Inhibition of transcription 

(e) Inhibition of RNA-binding proteins 

. Which of the following is not a feature of 

microRNAs? 

(a) Encoded by their own genes 

(b) Fully complementary to mRNA 

(c) Multiple mRNA targets 

(d) Different mechanisms of gene expression 
regulation 

(e) 19—25 nucleotide RNA duplex 

. Which of the following has/have one single 

mRNA target? 

(a) siRNA 

(b) siRNA and shRNA 

(c) shRNA and microRNA 

(d) microRNA 

(e) dsRNA and microRNA 

. Which of the following elements does not 

belong to the siRNA pathway of the RNA 

interference mechanism? 

(a) Argonaute 

(b) dsRNAs 

(c) RISC 

(d) Exportin 

(e) Dicer 
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8.1 Rewriting the Typewriter 

For many decades, scientists have tried to develop 
methods to modify the fundamental code that 
underlies every single organism — the genome. 
The reasons behind this intent have been diverse: 
altering genes and proteins in order to study their 
roles and functions; modifying cells and organ- 
isms with scientific, or commercial interest; or 
developing strategies and approaches to tackle 
human diseases, among many others. Beginning 
in the 1920s, scientists have made use of electro- 
magnetic radiation, mutagenic chemical com- 
pounds, recombinant DNA and molecular cloning 
technology, transfection methods, viruses and 
transposons in order to alter the nucleic acids 
inside a cell, generating random mutations, 
inserting or removing genes, or modifying exist- 
ing ones [1]. Each of these techniques has revolu- 
tionized the fields of molecular biology and 
biotechnology and has contributed to the devel- 
opment of many other areas. However, the degree 
of precision and fidelity these techniques allow is 
below the ideal, perhaps utopic, scenario of being 
downright able to “freely rewrite” an existing 
genome. 

In eukaryotic cells, perhaps the approach that 
has come consistently closest to this objective 
relies on the exploitation of homologous recom- 
bination mechanisms as a means to target and 
alter specific genetic loci [2, 3]. When a DNA 
sequence is inserted into a cell, there is the chance 
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that it will be randomly inserted into one of its 
chromosomes. However, if that DNA fragment is 
additionally flanked by two regions that are 
homologous to a particular DNA sequence of the 
target cell genome, it is possible that the endog- 
enous homologous recombination mechanisms 
will lead to the substitution of the homologous 
site with the exogenous sequence, thereby insert- 
ing or substituting the region in between the 
homology arms. This gene targeting strategy has 
been recurrently and reliably applied to the gen- 
eration of knockout mouse models, as well as 
knock-in animals in which particular genetic 
sequences have been altered or inserted. These 
types of models have come to be some of the 
most valuable tools in biomedical research, pro- 
viding the bases for studies that have unveiled 
crucial aspects of human pathologies and con- 
tributing to the development and preclinical test- 
ing of therapeutic approaches. 

Nonetheless, this proven method of modifying 
genomes may not be practical, feasible, or at all 
possible in every type of setting. The dominion 
scientists have acquired over mouse genetics 1s 
not always easily translated to other organisms, 
which may have their own particularities regard- 
ing life cycle, reproductive behavior, develop- 
ment, or the very molecular mechanisms that 
take place inside their cells. Moreover, genera- 
tion of knock-in and knockout animals relies on a 
series of procedures, using, for example, stem 
cell cultures and animal crossings, which are not 
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conceivable in several other contexts, such as 
when aiming at more straightforward forms of 
cell manipulation. 

Genome manipulation as a possible pathway 
to the treatment of human diseases should ideally 
target a patient’s cells directly and allow a high 
degree of control over the changes that are intro- 
duced. It is tempting to conjecture that techniques 
may be developed that, by allowing the direct 
rewriting of the four-letter blueprints of the 
human organism, will be able to delete disease- 
associated genes and correct pathogenic 
mutations. 

Over the last few years, the promise of more 
direct, precise, and versatile methods for “rewrit- 
ing” the eukaryotic genome has increasingly 
drawn the attention of the scientific community. 
Researchers are now employing a variety of new 
ways to manipulate genes, collectively termed as 
gene, or genome, editing. These techniques offer 
the promise of being able to target precise regions 
of the genome of any cell and produce a variety 
of customizable modifications with an unprece- 
dented degree of consistency. 


8.2 The Basis of Gene Editing 
Present-day approaches to gene editing rely on 
two conditions: (a) the ability to define the region 
of the genome that is to be altered and (b) the 
capacity to effect the actual changes or, more pre- 
cisely, to create the conditions for the desired 
alterations to occur [4, 5]. These two abilities 
combine to generate the desired modification(s), 
at the intended locus (or loci). 

Definition of the target site is accomplished by 
molecules that specifically bind to a particular 
nucleotide sequence and subsequently cleave 
both chains of the DNA, producing a double- 
strand break (DBS) [6]. These molecules are 
endonucleases — enzymes that are able to sepa- 
rate nucleotides adjacently localized in the mid- 
dle of a polynucleotide chain, by cutting the 
phosphodiester bond existing between them. In 
order to target a particular sequence with as much 
specificity as possible, endonucleases used in 
gene editing must be as selective as possible in 
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regard to the DNA sequence that they bind to and 
cut. The region to be altered can coincide with 
the sequence targeted by the endonucleases or, 
alternatively, that region can be in the close vicin- 
ity of the targeted sequece. 

Because of the central role endonucleases 
have in current approaches to gene editing, the 
term gene editing could, and perhaps should, be 
more appropriately substituted by “nuclease- 
based gene editing” [6]. However, DNA DSBs in 
isolation would be insufficient to edit genes and 
genomes. The actual modifications that then take 
place in the nucleotide sequence are in fact 
enacted by the cell, namely, through its endoge- 
nous DNA repair mechanisms [4, 5]. As a direct 
consequence of a DSB, DNA repair systems are 
recruited to the vicinity of the DSB site [7]. 
Changes to the nucleotide sequence may be intro- 
duced upon DNA repair, and, if appropriate con- 
ditions are established, those changes will result 
in the desired modification of the target locus. 

The following section briefly outlines the two 
main mechanisms through which DNA DSBs are 
repaired in a cell and the ways they can be 
exploited in order to generate a particular desired 
alteration in the genome. The section after that 
will describe the four main classes of endonucle- 
ases that can be used to introduce the DSBs 
responsible for triggering modifications at the 
intended sites. 


DNA Double-Strand Break 
Repair Mechanisms 


8.3 


Maintaining the integrity of the genome is of 
crucial importance for the preservation of cel- 
lular homeostasis and for the overall health of 
the organisms the cells compose. For this rea- 
son, Life has evolved diverse systems and 
molecular pathways that ensure that the DNA is 
appropriately repaired in case an insult threat- 
ens its integrity. DNA DSBs in particular are 
mainly repaired through one of two mecha- 
nisms: nonhomologous end-joining (NHEJ) and 
homology-directed repair (HDR; Fig. 8.1). A 
vast array of proteins participates in both path- 
ways, performing intricate biochemical and 
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DNA DOUBLE-STRAND BREAK REPAIR MECHANISMS 


DNA double-strand break 







Nonhomologous end-joining 
(NHEJ) 


indel 
mutation 


Fig. 8.1 Main mechanisms of DNA double-strand 
break (DSB) repair. Nonhomologous  end-joining 
(NHEJ) involves resealing of the DSB site by simple link- 
ing of the two free ends of the DNA double strand. 
However, this process is prone to errors and often leads to 
the introduction or deletion of nucleotides. Homology- 


structural operations that are beyond the scope 
of this chapter. Nonetheless, regarding their role 
in gene editing, it is important to understand 
that, perhaps ironically, these DNA repair mech- 
anisms are not error-proof and can thus be 
manipulated in order to produce intentional 
changes in the genome. 
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directed repair (HDR) is a more complex mechanism, in 
which the DSB is repaired using a homologous DNA mol- 
ecule as template. While NHEJ may be exploited in order 
to generate gene knockouts or delete genetic elements, 
HDR may be used to introduce or substitute specific 
nucleotide sequences in a genome. 


8.3.1 Nonhomologous End-Joining 

Between the two DSB repair pathways, nonho- 
mologous end-joining (NHEJ) is the simpler 
mechanism, leading to the straightforward reseal- 
ing of the DSB by “regluing” the free ends left at 
each side of the break site [7, 8]. The proteins 


150 


mediating this pathway “mend” the “wound” that 
was introduced in the DNA, but, importantly, a 
nucleotidic “scar” may be left behind. In fact, this 
mechanism 1s somewhat error-prone, considering 
that NHEJ machinery may introduce or delete a 
small number of nucleotides as part of the pro- 
cess of resealing the break. As a result, the nucle- 
otide sequence at the DSB site undergoes a small 
mutation, which may consist of a small insertion 
or a small deletion of nucleotides [4, 5]. This type 
of mutation is termed an indel. 

The number of nucleotide pairs that are added 
or removed from the DNA chains as part of an 
indel varies. If the DSB occurs at an exonic 
region of a gene and an indel is subsequently 
introduced, these small insertions or deletions of 
nucleotides may produce alterations in the read- 
ing frame of the mRNA molecules that will be 
transcribed from that gene [6]. This occurs when 
the indel size is not a multiple of 3. A frequent 
consequence of such DNA frameshifts is the 
appearance of premature stop codons that will 
halt translation and thus inhibit expression of the 
gene targeted by the DSB. 


8.3.2 Homology-Directed Repair 


Homology-directed repair (HDR) is a more con- 
servative, and elaborate, mechanism, whereby 
DSB repair is performed using a homologous 
DNA molecule as a repair template [7, 9]. The 
process involves (a) the generation of single- 
stranded DNA (ssDNA) overhangs at the break 
site; (b) homology-directed invasion of the DNA 
template by the ssDNA; and (c) synthesis of 
DNA primed by the invading DNA strand and 
using the homologous DNA duplex as a tem- 
plate. Both DNA molecules are then separated 
through one of several different possible mecha- 
nisms that may, or may not, involve DNA cross- 
over. Whatever the case, at the end of process, 
the DNA molecule that underwent DSB and 
HDR is seamlessly repaired, in the large major- 
ity of cases [7]. 

Though HDR is generally not as error-prone 
as NHEJ, it may also be directed to produce 
desirable alterations of the DNA sequence at the 
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vicinity of the DSB site [4]. In a normal biologi- 
cal context, the repair template for HDR corre- 
sponds to the sister chromatid of the one that 
underwent the DSB [9]. In the context of gene 
editing, an exogenous DNA repair template can 
be provided. Repair templates can be designed so 
as to induce precise alterations to the genome; 
they must include sequences bearing complete 
homology to regions in the vicinity of the DSB 
site, but they can also include an intentionally 
designed, and altered, sequence. Usually, these 
exogenous repair templates consist of a DNA 
sequence including two homology arms, flanking 
the region that is to be inserted in the vicinity of 
the break site or that will substitute a portion of 
the genome at that vicinity. Upon DSB, the HDR 
machinery will repair the break using the exoge- 
nous template as a model, thereby introducing 
the altered sequence into the genome that is being 
repaired. 


8.3.3 Manipulating DNA Double- 
Strand Break Repair 
Mechanisms to Edit Genomes 


NHEJ and HDR define, and limit, what kind of 
genome alterations can be achieved through 
nuclease-based gene editing. The action of both 
mechanisms can be directed to produce different 
changes that may be advantageous in the context 
of biomedical investigation and gene therapy 
development [6]. 

NHEJ is an exogenous template-independent 
mechanism and relies only on the ability to pre- 
cisely define the site at which DSBs will be intro- 
duced. As explained above, simply producing a 
DSB in the codifying region of a gene can be suf- 
ficient to knock out that gene: the DSB can pro- 
duce an indel mutation that will generate a 
premature stop codon. In the same way, an indel 
can be enough to restore the reading frame of a 
gene bearing a frameshift-inducing mutation. 
Moreover, NHEJ can also be used to “excise” a 
particular genetic region. Upon producing two 
DSBs, one upstream and another downstream of 
a region that is to be deleted, the NHEJ pathway 
may reseal the DNA by uniting the end upstream 
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of the first break site and the end downstream of 
the second, thus excluding the intervening region. 

Taking advantage of HDR requires not only 
the ability to direct the repair machinery to the 
target site by inducing a DNA DSB but also the 
provision of a homologous repair template that 
will bear the particular alterations to be intro- 
duced. Broadly speaking, HDR allows for both 
substitutions and insertions of particular nucleo- 
tide sequences. In principle, HDR can be used to 
introduce a mutation of one or more nucleotides, 
to correct a particular mutation, or to eliminate a 
particular gene sequence, by providing a tem- 
plate in which that sequence was removed. 
Through HDR, particular genes can be inserted 
in the genome: a particular therapeutic gene may 
be introduced at a designated site, or a particular 
tag or fluorescent protein can be introduced in 
frame with another existing gene. 

It must be noted, however, that this type of 
outline assumes that scientists would have com- 
plete control over the DSB repair mechanisms 
employed by the cell. This is not the current real- 
ity. The factors that determine whether DSBs are 
repaired through one path or the other are still 
being elucidated [7, 9]. Overall, NHEJ is favored 
over HDR, making its applications more reliable. 
What is more, the absence of a repair template 
would completely preclude HDR in favor of 
NHEJ, making it more reliable still. HDR- 
dependent strategies are more challenging. Given 
its endogenous dependence on homologous sister 
chromatids, HDR occurs only in dividing cells, 
excluding any HDR-based strategy from use on 
postmitotic cells. Additionally, the principles 
governing exogenous repair template design are 
still not completely clear. Although small inser- 
tions or substitutions can be reliably enacted, 
introduction of longer sequences is still fraught 
with several experimental limitations [10]. 


8.4 Programmable Nucleases 


Used in Gene Editing 


Gene editing relies on endonucleases to precisely 
define the region of the genome that will be 
altered. In order for a particular class of endonu- 
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cleases to be suitable for this end, they have to 
possess a series of characteristics that are not 
transversal to all nucleases that can be found in 
Nature. For these reasons, while some nucleases 
used in gene editing are, in fact, more or less sim- 
ilar to their natural cognates, others are artificial 
chimeric proteins, engineered from naturally 
occurring proteins and protein domains. 

Nucleases used in gene editing must be able to 
cut both chains of a DNA duplex and be highly 
specific, in regard to the nucleotidic sequences 
they target. If that was not the case, DSBs could 
be inserted in several different sites of the genome 
at the same time, producing unintended changes. 
A high specificity minimizes putative off-target 
effects. Overall, the longer a particular base 
sequence that a nuclease recognizes, the greater 
the specificity of the nuclease, since the probabil- 
ity of that sequence being repeated in the genome 
is lower. 

Additionally, nucleases used in gene editing 
are preferably programmable, 1.e., they are ame- 
nable to being redesigned and reengineered in 
order to target them to different gene loci, with 
high specificity, according to the aims of the gene 
editing approach at hand. 

Since the 1980s, four classes of endonucleases 
have been selected and engineered for use in gene 
editing approaches (Fig. 8.2; Table 8.1). 


8.4.1 Meganucleases 

Meganucleases, also named homing endonucle- 
ases, are naturally occurring restriction enzymes 
that are found in diverse organisms, including 
bacteria, archaea, fungi, algae and plants [11, 
12]. Contrary to the restriction enzymes that are 
routinely employed in molecular cloning, such as 
EcoRI or HindIII, meganucleases recognize 
extended base pair sequences: from 12 to 40 base 
pairs, contrasting with the 6 base pairs of those, 
and many other, traditional restriction enzymes. 
This long recognition sequences are responsible 
for the meganuclease designation and for the 
high degree of target discrimination these 
enzymes possess. Among the meganucleases 
most used in genome engineering are I-Scel from 
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Fig. 8.2 Overview of the main programmable nucle- 
ases systems. Meganucleases are naturally occurring 
restriction enzymes, recognizing sequences of 12 to 40 
base pairs. Zinc-finger nucleases (ZFNs) are chimeric 
proteins formed by two domains: the DNA recognition 
motif, composed of a tandem sequence of zinc-finger 
units, and the DNA-cleaving domain, harboring the nucle- 
ase activity — the bacterial FokI enzyme. Transcription 
activator-like effector nucleases (TALENS) are a similar 
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set of engineered nucleases, with the DNA recognition 
motif derived from bacterial transcription activator-like 
effectors (TALEs). Both ZENs and TALENS function in 
pairs. The main CRISPR-Cas system is based on the 
Streptococcus pyogenes Cas9 ribonucleoprotein. This 
protein is an endonuclease with two DNA-cutting active 
sites and binds to guide RNA sequences that are comple- 
mentary to the target DNA loci. 


Table 8.1 Main features of the four programmable nuclease platforms used in gene editing. 


Zinc-finger 
Meganucleases nucleases TALENs CRISPR-Cas (Cas9) 
Prokaryotes and Eukaryotes Bacteria of the Prokaryotes 
eukaryotes genus Xanthomonas (Streptococcus pyogenes) 


Pair of proteins 


Origin 
Agents required Single protein Pair of proteins 
for DSB (may dimerize) 


DNA-binding 
mechanism 


Target DNA site 
size 


12-40 bp 


Permissivity to 
mismatches 


Ease of 
reprogramming 


the yeast Saccharomyces cerevisiae and I-Crel 
from the green algae Chlamydomonas reinhardtii 
[13]. 

Although successfully employed for diverse 
approaches, meganucleases present some signifi- 
cant limitations. Since the DNA-binding and 





Protein + guide RNA 
(gRNA or 
crRNA-tracrRNA) 


interaction interaction 
18-36 bp (pair) | 40 bp (pair) 
time-consuming time-consuming 


DNA-cleaving domain of these proteins are one 
and the same, it is hard to engineer meganucle- 
ases in order to target different base sequences 
without affecting their cutting performance. 
Additionally, there is no clear correspondence 
between the amino acid sequence of the DNA 
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recognition site of the proteins and the DNA base 
pair sequence the domain recognizes, turning 
rational reengineering difficult, if not 
impossible. 

The above disadvantages have precluded 
meganuclease-based gene editing from ever 
achieving widespread use. In fact, meganucleases 
have been largely substituted by other program- 
mable nuclease platforms that have been devel- 
oped in recent years. 


8.4.2 Zinc-Finger Nucleases 


Zinc-fingers are protein motifs that can be found 
in several eukaryotic transcription factors, medi- 
ating interaction of these proteins with their spe- 
cific DNA targets [14]. Because of the high 
degree of specificity with which the zinc-finger 
motifs bind to particular base pair sequences, 
they have been used to generate a class of pro- 
grammable nucleases that was first described in 
1996 [15]. 

Zinc-finger nucleases (ZFNs) are chimeric 
proteins mainly composed of two distinct 
domains: a DNA-binding domain and a DNA- 
cleaving domain, harboring the actual nuclease 
activity [16]. The DNA-binding domain is com- 
posed of a tandem sequence of zinc-finger units, 
forming a zinc-finger array. Since each of those 
units recognizes a particular sequence of three 
base pairs, combining different zinc-finger units 
yields a zinc-finger array that is able to recognize 
a longer base pair sequence. For example, an 
array of 3 zinc-finger units is capable of recog- 
nizing a sequence of 9 base pairs, while an array 
of 6 zinc-finger units will recognize an 18-base 
pair sequence. 

The DNA-cleaving domain linked to the zinc- 
finger array is a bacterial restriction enzyme — 
usually Fokl, derived from Flavobacterium 
okeanokoites. Since FokI requires dimerization 
to elicit DNA cleavage, a pair of ZFNs is neces- 
sary for DNA DSB to occur; one ZEN will bind 
to one DNA strand, and the other will bind to the 
complementary strand. If the target sites of each 
ZEN are properly spaced, FokI dimerizes and 
cuts both DNA strands, generating a DSB. Since 
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two ZFNs are required for DSB to occur and each 
one of them recognizes 9-18 base pairs, a ZEN 
pair can recognize 18—36 base pairs, providing 
the system a high degree of specificity. 


8.4.3 Transcription Activator-Like 
Effector Nucleases 


Transcription activator-like effector nucleases 
(TALENS), first described in 2010 [17], are a set 
of engineered nucleases that are very similar to 
ZFNs in terms of the rationale behind their 
design. TALENs are also made up of two 
domains — a DNA-binding domain and a DNA- 
cleavage domain — and they also function in 
pairs. The DNA-cleavage domain is once again 
the bacterial FokI enzyme, but they differ from 
ZENs in their DNA recognition domain. 

In the case of TALENs, recognition and bind- 
ing of DNA is mediated by an array derived from 
bacterial transcription activator-like effectors 
(TALEs). TALEs were first described as an inte- 
gral part of DNA-binding proteins used by plant 
pathogens of the genus Xanthomonas [18]. Each 
TALE array is composed of a collection of 
34-amino acid-long modules arranged in tandem, 
and each of those units is capable of binding one 
particular DNA base. Binding specificity is deter- 
mined by only two residues that vary between 
modules (repeat-variable diresidue — RVD) [19]. 
Importantly, TALE arrays are costumizable 
and can be assembled with a particular repeat 
order that will define their ability to bind a desig- 
nated base pair sequence [20, 21]. Since each unit 
recognizes one nucleotide, an array of 20 units, 
for example, will distinguish a particular 20 base 
pair sequence; considering a pair of TALENS is 
needed for DSB to occur, the system is overall 
able to recognize sequences of up to 40 base 
pairs. 


8.4.4 CRISPR-Cas Systems 


In 2013, a new programmable nuclease system 
was introduced, and the advantageous features it 
presents over the previously existing gene editing 
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platforms have since gathered unprecedented 
interest by the scientific community — the 
CRISPR-Cas system. 

“CRISPR” is an acronym that was first used to 
describe particular genetic loci found in prokary- 
otes — clustered regularly interspaced short palin- 
dromic repeats [4, 22—24]. Puzzling at first, the 
extensive research work that then followed to 
understand the biological importance of these 
loci led to the recognition that CRISPR loci func- 
tion as a prokaryotic adaptive immune mecha- 
nism, moved against viruses and other external 
sources of nucleic acids. Briefly put, CRISPR 
loci function as data banks that allow prokaryotes 
to rapidly counteract the action of invading 
pathogens through the action of proteins — 
CRISPR-associated (Cas) proteins — that are 
guided by RNA molecules, complementary to 
DNA sequences of the pathogen. The invading 
DNA is destroyed by the action of Cas proteins 
with endonuclease activity. 

Several classes of CRISPR systems have 
since been described, varying in the Cas proteins 
associated with the CRISPR loci, the RNA mol- 
ecules that participate in the immune mecha- 
nisms, and the processes responsible for the 
maturation of those RNA molecules [25]. New 
CRISPR variants are continuously being identi- 
fied, but there is one in particular that is 
being widely used as a gene editing platform — 
the one based on the Cas9 protein from a type II 
CRISPR system of Streptococcus pyogenes, 
sometimes designated as SpCas9 [26, 27]. 
Contrary to other CRISPR system types, type II 
systems require only one protein — Cas9 — to 
elicit cleavage of DNA. This, combined with the 
DNA recognition features of SpCas9 (described 
below) and the very history of its implementa- 
tion, has led SpCas9 to be the CRISPR system 
that is currently more well established as a gene 
editing platform. 

SpCas9, henceforth designated simply as 
Cas9, is a ribonucleoprotein with endonuclease 
activity that is able to generate DNA DSBs 
through the concerted action of its two nuclease 
domains, each responsible for the cleavage of 
one DNA strand: RuvC and HNR. In the bio- 
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logical context of S. pyogenes, Cas9 binding to 
the target DNA sequence is mediated by an 
RNA molecule that is complementary to 20 
bases of the target DNA — the crRNA. Binding 
occurs through complementary base pairing. 
Maturation of the crRNA and binding of crRNA 
to Cas9 are mediated by another RNA mole- 
cule — the trans-activating crRNA (tracrRNA) 
[28, 29]. 

In an experimental, or biotechnological, con- 
text, Cas9 and the guide RNA (gRNA) molecules 
can be artificially introduced in a eukaryotic cell, 
leading to a DNA DSB in the region that is com- 
plementary to the crRNA. In order to further sim- 
plify the system, the two RNA molecules have 
been rationally fused to create a single guide 
RNA (sgRNA) sequence that is sufficient to 
guide the nuclease activity of Cas9 [27]. 

Cas9 cannot be freely targeted to every 
20-nucleotide sequences of the genome, and 
one particular requirement must be met in order 
for it to recognize and bind a designated genetic 
locus. A specific protospacer-associated motif 
(PAM) must be localized immediately down- 
stream of the 20-nucleotide sequence that is to 
be targeted. Among other things, the PAM dic- 
tates and defines the search for putative molecu- 
lar targets and is responsible for initiating 
binding to the target DNA sequence [28, 29]. In 
the biological context, the PAM requirement 
also prevents self-recognition and cleavage of 
the bacterial DNA, since crRNA-codifying 
sequences (spacers) lack the PAM [30]. The 
PAM of S. pyogenes Cas9 corresponds to an 
NGG motif, where N can be any nucleotide and 
GG are two sequential guanine nucleotides; 
however, it should be noted that different Cas 
nucleases have different PAM requirements. In 
a gene editing setting, the PAM actually circum- 
scribes the range of possible targets the Cas9 
protein can have, but since the motif is very 
short, this requirement does not constitute a 
great limitation. In other words, two sequential 
guanine nucleotides — or two sequential cyto- 
sines, in the complementary strand — are suffi- 
ciently common for Cas9 to be directed 
to almost anywhere in the genome. 


8.5 Editing Genes Using CRISPR-Cas 


8.4.5 Comparing the Four Classes 
of Programmable Nucleases 
Used in Gene Editing 


As with any other biotechnological tools, each 
class of designer nucleases employed in gene 
editing presents advantages and disadvantages. 
Although the CRISPR-Cas system is regarded 
as having several unprecedented advantages 
over the other systems, the main shortcoming of 
this platform is its relative proneness to elicit 
off-target effects. In fact, Cas9 1s known to tol- 
erate mismatches in the 20-nucleotide sequence 
complementarity and is thus capable of produc- 
ing DSBs at unintended sites — [24]. 
Meganucleases, ZFNs and TALENs, while also 
capable of tolerating mismatches, are more 
restringing [31]. 

However, the use of CRISPR-Cas presents 
diverse benefits over the other platforms, which 
were arguably responsible for its noteworthy 
increase in popularity since its inception [32]. 
Perhaps the principal advantage of CRISPR-Cas 
is its simple design, in what concerns to the engi- 
neering that is necessary to reprogram it to target 
a particular desired locus. While meganucleases 
are near-impossible to reprogram and both ZFNs 
and TALENS reengineering entail expensive and 
time-consuming rounds of carefully planned 
molecular cloning [33], directing Cas9 to a new 
site requires only the definition of a new 
20-nucleotide sequence upstream of a PAM, 
which should be in the vicinity of the target site. 
That gRNA containing the 20-nucleotide sequence 
can then be introduced in cells along with Cas9, 
which does not require reengineering. 

Additionally, editing using the CRISPR-Cas 
system requires only one protein, instead of a 
pair as was the case of ZENs and TALENSs. The 
system is highly efficient, meaning that the prob- 
ability of Cas9 inducinhg DSBs in a large per- 
centage of the cells in a population is high [4]. 
CRISPR-Cas is also amenable to multiplexing, 
i.e., targeting several sites simultaneously [24]; 
using just one protein and several different 
gRNAs, it is possible to induce DSB at various 
locations at once. Finally, and as will be described 
later in this chapter, CRISPR-Cas is a very versa- 
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tile system and can be easily employed to per- 
form operations that go beyond the introduction 
of DSBs in the DNA. 

The process of selecting a particular nuclease- 
based gene editing platform must contemplate 
the experimental objectives at hand, as well as 
the technical requirements, time constraints and 
costs that a particular approach may entail. The 
relevance of the diverse existing nuclease plat- 
forms notwithstanding, taking into account the 
relative simplicity of the CRISPR-Cas system 
and the growing interest it congregates, the fol- 
lowing sections will focus on some practical con- 
siderations concerning gene editing using the 
CRISPR-Cas system. 


8.5 . Editing Genes Using 


CRISPR-Cas 


As mentioned above, nuclease-based gene edit- 
ing relies on the action of a molecular scissor — an 
endonuclease — that cuts a DNA molecule in the 
vicinity of the site that is to be edited, and on 
endogenous DNA repair mechanisms that will 
elicit changes in the nucleotide sequence. 

In order to knock out a gene using CRISPR- 
Cas, Cas9 can be directed by a sgRNA (or a 
crRNA-tracrRNA pair) to an early exon of that 
target gene. The subsequent DSB and the ensuing 
NHEJ may produce a small indel mutation, which 
in turn can lead to a shift in the DNA reading 
frame, generating a premature stop codon. 
Alternatively, Cas9 can be directed to regions 
both upstream and downstream of the initiation 
codon (ATG), utterly removing it and preventing 
translation from taking place. These excision 
approaches can also be used to remove particular 
genetic regions from the genome. 

If a particular insertion or substitution is 
intended, gRNAs should direct Cas? to the vicin- 
ity of the region to be altered. If a homology tem- 
plate is provided, either in the form of a 
single-stranded DNA molecule (for short, «200 
nucleotides insertions or substitutions) or a donor 
plasmid (for longer insertions or substitutions), 
there is a possibility that the region suffering 
DSB will be repaired by HDR using the 
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exogenous template as a model, leading to the 
introduction of the desired sequence [10]. 

Design of the gRNA sequences can be per- 
formed using several bioinformatic tools that 
allow searching a particular sequence for PAMs 
and the corresponding 20 nucleotide sequences. 
Many of these platforms also curate every possi- 
ble gRNA sequence in a designated genome and 
have algorithms that allow predicting the proba- 
bility of off-target effects [34]. Sequences should 
be selected using criteria that minimize putative 
off-target effects, by decreasing the number of 
overall off-target effects and/or minimizing the 
number of putative off-targets in coding regions. 

The CRISPR-Cas tools can then be introduced 
in cells through a variety of methods (Fig. 8.3). 
Cas9 and the sgRNA (or the crRNA-tracrRNA 
pair) can be directly introduced in the cells in 
their “natural” form: as a protein and as RNA 
molecules, respectively. In vitro-synthetized or 
recombinant Cas9, along with in vitro-synthetized 
gRNAs, are assembled as a ribonucleoprotein 
complex, also in vitro, and then introduced in 
cells through transfection, electroporation or 
microinjection. Both agents can also be delivered 
in the form of RNA, through the same methods. 
Cas9-codifying mRNA will then be translated 
inside the cytoplasm, and the ribonucleoprotein 
complexes will assemble intercellularly. Finally, 
Cas9 and the gRNAs can be administered in the 
form of DNA plasmids, which will be transcribed 
in the cell. These plasmids may be amenable to 
viral production, allowing viral delivery of the 
CRISPR-Cas system. 


8.6 Expanding the Possibilities 
of Gene Editing 


with CRISPR-Cas 


Even | year after its introduction, CRISPR-Cas 
had already been successfully used to modify the 
genome of diverse organisms, from bacteria to 
yeast and from agriculturally interesting plants to 
human cells [5]. CRISPR-Cas-based gene editing 
is regarded as a time- and cost-efficient method 
for generating new animal models, in particular 
of nontraditional animal species, for which previ- 
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ous attempts at genetic manipulation have been 
unfruitful [35]. Numerous publications in recent 
years underline the potential of CRISPR-Cas as a 
very versatile tool for manipulating genomes, in 
ways that go beyond those dependent on the 
introduction of DNA DSBs. 


8.6.1 Gene Editing Beyond DNA 


Double-Strand Breaks 


The above sections probably demonstrate the 
potential of Cas9 endonuclease activity in easily 
generating the conditions for gene editing to 
occur. The applicability of the CRISPR-Cas sys- 
tem goes, however, way beyond what can be 
achieved through DNA DSBs, and, in fact, gene 
editing as a whole can be regarded as a means to 
alter not only the genome but also its context and 
its products [4]. Cas9-derived tools developed so 
far offer the promise of altering epigenetic mark- 
ers in the DNA, the architecture of the chromatin 
and the levels of transcribed RNA molecules, 
amid many other possibilities. 

Mutating a single amino acid in one or both 
nuclease activity sites of Cas9 renders the protein 
partially, or completely, inactive, respectively [5, 
22]. When only one site is mutated, the resulting 
protein is termed a nickase (nCas9), since it is 
still able to make a nick in the DNA duplex, by 
cutting one of the DNA strands. The completely 
inactivated Cas9 is termed dead Cas9 (dCas9), 
and, although no longer able to produce DNA 
breaks, it retains its ability to specifically bind to 
the DNA, through complementary base pairing 
between the gRNAs and their targets. dCas9 can 
be fused to other proteins or effector domains, 
and several such fusion variants have been devel- 
oped so far. In common they all have the fact that, 
by taking advantage of the homing capacity of 
dCas9, they are able to direct the activity of the 
particular effectors they harbor to specific genetic 
loci [32] (Fig. 8.4). Notably, zinc-fingers and 
TALEs can also be used as homing devices of 
proteins other than the FokI endonuclease, but 
the simplicity of CRISPR-Cas has allowed a 
quick and diverse expansion of its potential in 
this regard. 


8.6 Expanding the Possibilities of Gene Editing with CRISPR-Cas 
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Fig. 8.3 Possible delivery strategies for the CRISPR- 
Cas9 system.The different components of the CRISPR- 
Cas9 system can be provided in multiple forms. Cas9 can 
be delivered as a Cas9 cDNA-containing plasmid, as an 
mRNA molecule or as a recombinant protein, already 


dCas9 fused to a transcriptional activator 
such as VP64 can be directed to a particular 
gene, recruiting transcriptional machinery that 
will lead to an increase of the expression levels 
of that gene. Conversely, dCas9 conjugated with 
a transcriptional repressor such as the Krüppel- 
associated box (KRAB) domain can be used to 
decrease the expression of a target gene, without 
introducing a DNA DSB and thus preventing the 
possibility of an undesirable indel mutation. 
Transcription regulation can also be achieved 
using dCas9 fused to epigenetic modifiers that 
alter the acetylation levels of histones, or the 
methylation levels of the DNA, or pairs of 


ribonucleoprotein 
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complexed with the guide RNA molecule(s). Apart from 
this route, the guide RNA can also be delivered in an 
unconjugated form to cells, as well as in the form of 
DNA plasmids. 


dCas9 fused with proteins that are able to inter- 
act and thereby “bend” the chromatin, generat- 
ing loops in its topology [32]. Fusing fluorescent 
proteins such as the green fluorescent protein 
(GFP) can be used to pinpoint the localization 
of a particular genetic sequence in a 
chromosome. 

What is more, mutation of the target genome 
has also been shown to be achievable without 
recurring to DNA DSBs. Fusing deaminase pro- 
teins such as APOBECI along with excision 
repair inhibitor UGI to dCas9 or nCas9 has been 
shown to produce direct conversion between 
nucleotides. This type of strategy, termed base 
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Fig. 8.4 Versatility of the CRISPR-Cas9 system. The 
figure highlights possible applications of the CRISPR- 
Cas9 system that go beyond the introduction of DNA 
double-strand breaks. These application are based on the 


editing, has been successfully employed in 
converting cytosines to thymines and adenines to 
guanines [36, 37]. 

In addition to this search to expand what Cas9 
can do, scientists have also looked for ways to 
reliably control when and where its action takes 
place. In fact, several variants of inducible Cas9 
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use of partially (nCas9) or completely (dCas9) catalyti- 
cally inactivated Cas9 and include transcription activation 
or repression, epigenetic modulation and base editing, 
among others. 


have also been developed. Among them, some 
respond to chemical compounds and others to 
ligand-binding, and still others are activated by 
optical light [32]. 

In recent years, reengineering of Cas9 and 
even of the gRNA sequences has yielded a vast 
array of tools that is continuously being expanded 
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on and that is thus optimizing the applications of 
the CRISPR-Cas9 system. 


8.6.2 Cas Variants 


The Cas9 protein from S. pyogenes is not the only 
Cas that has drawn the attention of scientists 
looking at improving the existing gene editing 
platforms. Many more Cas proteins have been 
identified and more or less extensively character- 
ized, leading to the creation of an ever-expanding 
Cas protein library. Its remaining members, 
although not having such a widespread use as 
SpCas9, certainly contribute to the ever-growing 
possibilities offered by the CRISPR-Cas system. 

Different Cas proteins, including different 
Cas9 proteins from species other than S. pyo- 
genes, have been described to be diversely prone 
to off-target effects and are known to display dis- 
tinctive PAM requirements [32]. Some of these 
PAMs are longer than three nucleotides, and 
although this restricts the range of targets the 
respective Cas proteins can have, the increase can 
be beneficial in further decreasing the number of 
off-targets. Different PAMs may also allow tar- 
geting regions that the NGG PAM requirement of 
SpCas9 does not allow. 

Different Cas proteins also display different 
molecular sizes, and smaller Cas variants may be 
advantageous regarding their delivery to cells, for 
example. SpCas9 is too large for its codifying 
DNA to be included in AAV particles along with 
the gRNA; as such, currently each agent has to be 
provided in a different AAV vector. Smaller Cas 
variants may be more amenable to AV V-mediated 
delivery. 

Finally, some Cas proteins have been described 
to target nucleic acids differently from SpCas9 
[38]. Cas12a, for example, has been shown to 
produce staggered DNA breaks, leading to the 
generation of sticky ends at the cut site. Cas13a 
has been shown to target RNA. 

New Cas variants are continuously coming to 
light, in a constant search for a particular Cas 
protein, or set of Cas proteins, that may display 
advantages over all others. A smaller molecular 
size, a low incidence of off-target effects, and a 


159 


high versatility are important factors in this ongo- 
ing search for the “ultimate” Cas protein. 


8.7 | Limitations and Challenges 
to Current Gene Editing 


Strategies 


As promising as it may be, implementation of 
gene editing in an experimental setting, let alone 
in the development of a gene therapy approach, is 
subject to several limitations and challenges that 
must be accounted for. Some of them can be 
avoided or controlled for, but others will require 
continuous investigation and development before 
they can be tackled with unquestionable success. 
Overall, challenges to the application of gene 
editing include (a) the ability to properly deliver 
the molecular tools, (b) problems with specific- 
ity, (c) guarantees of fidelity, and (d) control over 
DSB repair and HDR [4-6]. 

As explained in Chap. 4, delivery of gene ther- 
apy agents faces several physiological barriers 
that limit their efficacy. What is more, it is impor- 
tant to ensure that the molecular tools reach the 
proper organ or tissue where their therapeutic 
effect will take place. All the while, the delivery 
mechanisms should pose no threat to the health 
and safety of the organism. Selection and design 
of methods for the delivery of gene editing tools 
should abide by the same principles as other gene 
therapy approaches, possibly preferring ex vivo 
strategies over local or systemic administration 
as a means to improve safety and minimize deliv- 
ery to unintended tissues or cells [31 ]. 

As mentioned above, none of the gene editing 
nuclease platforms is devoid of possible off- 
target effects, by virtue of the permissiveness 
every system has, on a higher or lesser degree, to 
mismatch tolerance. Ideally, the nuclease sys- 
tems would have no off-targets, but since it is cur- 
rently impossible to ensure this, it is crucial that 
gene editing strategies minimize the occurrence 
of unintended modifications. This can be done by 
selecting variants with a proven lower degree of 
off-target activity or, in the case of CRISPR-Cas, 
selecting gRNA sequences with low levels of 
predicted off-targets. After editing, it is important 
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to be able to search the targeted genome for puta- 
tive off-target mutations. This can be done by 
whole-genome sequencing and through other, 
recently developed, targeted approaches, but 
such techniques may not be available to every 
lab. 

Fidelity, in the context of gene editing, 
describes the degree to which the intended alter- 
ation was inserted in the genome and chiefly 
concerns mutations introduced by HDR [6]. As 
a result of a DSB and in the presence of an HDR 
repair template, the intended insert may be 
introduced at a site other than the one expected, 
more than one copy of the insert may be intro- 
duced, and translocations may occur, among 
many other unintended changes with disastrous 
effects. Techniques that allow confirmation that 
only the intended changes took place are 
necessary. 

Finally, the infrequent occurrence of HDR is a 
limiting factor for strategies that rely on this 
pathway of DSB repair for the intended genome 
alteration to occur. HDR is limited to dividing 
cells, and its rate is generally low, compared to 
NHEJ [9]. Several lines of research have invested 
in increasing the rate of HDR, but, as with any 
other manipulation that may interfere with DNA 
repair mechanisms, the possibility of unexpected 
outcomes may outbalance the benefits of the 
intervention. Nonetheless, in the case of the 
CRISPR-Cas system, diverse approaches have 
been described to increase success of HDR- 
mediated editing, including employing nickases 
instead of wild-type Cas9, since a DNA nick is 
less prone to induce NHEJ-derived indels 
while still potentiating HDR; enriching cell cul- 
tures with cells in the G2/M phase of the cell 
cycle; inducing “cold shocks"; overexpressing 
the Rad51 protein; employing small molecules 
and other chemical compounds (RS-1, Brefeldin 
A, L755507, Nocodazole); and fusing Cas9 with 
proteins involved in HDR, among many others 
[39-43]. Studies aiming to define the best param- 
eters for donor repair template design are 
also ongoing. 
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8.8 Gene Editing as a Tool 


for Human Disease Therapy 


The possibilities offered by existing gene editing 
Strategies can be translated into diverse 
approaches to tackle human health conditions 
and disease. Importantly, gene editing may be a 
significant tool not only for direct therapeutic 
intervention but also in other, no less relevant, 
steps of the therapy development pipeline [44]. 

Nuclease-based gene editing can be employed 
in basic research, assisting in the investigation of 
gene functions. The CRISPR-Cas system, in par- 
ticular, can be used to perform high-throughput 
screening of disease modifiers, which may yield 
important clues into disease pathogenesis and 
possibly constitute relevant therapeutic targets 
[45]. Gene editing is also a potent method for 
generating disease models and can be used to 
develop isogenic cell lines, i.e., cell cultures 
derived from individuals, where disease-causing 
genes can be introduced or removed, thus pro- 
ducing cultures with the same genetic back- 
ground, in which the only modifying factor is the 
designated genetic factor [46]. Additionally, gene 
editing allows for the rapid and inexpensive gen- 
eration of animal models, compared with tradi- 
tional methods used for generating transgenic 
knockout, and knock-in animals [35]. CRISPR- 
Cas9 is particularly well-suited for modeling 
complexed diseases, by allowing the alteration of 
several genes simultaneously through its multi- 
plexing capability [47]. 

Concerning the use of gene editing as a ther- 
apeutic approach, the interest this field is draw- 
ing has led research teams to develop and test 
diverse gene therapy strategies that are based on 
the growing capabilities of the described sys- 
tems to operate changes in the DNA. Current 
literature offers diverse examples, overall focus- 
ing on one of several routes: (a) correcting 
pathogenic mutations; (b) inactivating disease- 
causing genes; (c) re-establishing gene func- 
tions; (d) eliminating disease-causing elements; 
(e) introducing protective mutations; and (f) 


Review Questions 


generating cells with therapeutic activities. 
Examples of the potential of these approaches 
abound in reports using both cell cultures and 
animal models, and some strategies have already 
transitioned to clinical testing. Two examples of 
gene editing-based approaches to therapy fol- 
low: one focusing on a genetic disorder and 
another on an infectious disease. 

As described in Chap. 7, Duchenne muscular 
atrophy (DMD) is a hereditary disorder that 
arises as a consequence of mutations in the DMD 
gene, which in healthy individuals codifies dys- 
trophin, a protein that plays a crucial role in mus- 
cular structure and physiology (Fig. 7.4). Amoasii 
and collaborators systemically administered 
AVVs codifying CRISPR-Cas tools to dogs har- 
boring a deletion of exon 50 of the DMD gene, 
which is a hot spot for mutations linked to DMD, 
in humans. CRISPR-Cas activity was directed at 
an early region of exon 51. Overall, treated ani- 
mals displayed an improvement in muscular his- 
tology and dystrophin levels. Indels were detected 
at the targeted genomic site, and the amelioration 
observed was related to reestablishment of 
the reading frame of the gene or exon 51 skipping 
[48]. 

Human immunodeficiency virus (HIV) infec- 
tion of T-cells relies on interaction of the virus 
with cell receptors that mediate its internalization 
(Fig. 3.4). As explained in Chap. 3, one of these 
receptors is CCR5, and it has been known for 
some time that individuals bearing mutated forms 
of this receptor are refractory to HIV infection. It 
has been thus hypothesized that knocking 
out CCR5 gene function through the action of 
programmable nucleases may be beneficial in 
preventing HIV entry into lymphocytes [49, 50]. 
In 2014, in the very first clinical trial using gene 
editing, HIV patient cells were edited ex vivo 
with ZENs and then autologously reinfused, with 
promising results in what regards to viral loads in 
circulation [51—53]. Other clinical trials using 
similar rationales were also underway at the time, 
and others followed, with a clinical trial 
for HIV using CRISPR-Cas-edited stem cells 
being currently underway [54]. 
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This Chapter in a Nutshell 


* Current gene editing strategies rely on two 
conditions, (1) the ability to define the specific 
region of the genome to be altered and (11) the 
ability to create conditions for the desired 
alterations to occur. 

* The definition of the target site is accom- 
plished by molecules that specifically bind to 
a nucleotide sequence and then cleave the 
DNA producing a double-strand break (DSB). 
These are then repaired through different 
endogenous mechanisms of DNA repair. 

* There are two main mechanisms of DNA 
DSB repair, nonhomologous end-joining 
(NHEJ) and  homology-direcgted repair 
(HDR), with the former being simpler and the 
latter involving a DNA molecule as template 
for the repair. 

* Four main systems of programmable nucle- 
ases have been used in gene editing: meganu- 
cleases, zinc-finger nucleases, TALENs, and 
the CRISPR-Cas system. 

* The CRISPR-Cas system presents advanta- 
geous features over the other programma- 
ble nuclease systems. Several variations of the 
system have been developed, or example in 
order to alter epigenetic markers, the architec- 
ture of the chromatin and the levels of tran- 
scribed RNA molecules. 

* Despite being an important promise for gene 
therapy, gene editing faces important limita- 
tions and challenges. Some are also found in 
other gene therapy strategies, but other are 
especific to this approach. 


Review Questions 


1. In the context of gene therapy, gene editing 
systems can be used to: 
(a) Disrupt a mutated gene 
(b) Substitute a malfunctioning gene 
(c) Regulate the expression of a mutated gene 
(d) None of the above 
(e) All of the above 
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2. 


Re 


L. 


2. 


3. 


From the following, select the ones that apply 
to the CRISPR-Cas system of gene editing: 
(a) Direct binding to the target DNA through 
a protein domain 

DNA recognition motif composed of sev- 
eral repeated units 

Ligation of target DNA to RNA through 
base complementarity 

Protein with only one site with nuclease 
activity 

Derived from a prokaryote “immune” 
system 

Requires a guide RNA sequence 

Consists necessarily of a fusion protein 
Has the ability to induce DNA double- 
strand breaks 


(b) 
(c) 
(d) 
(e) 
(f) 


(g) 
(h) 


. In the CRISPR-Cas system, what is the role of 


the gRNA? 

(a) It ensures that the cell recognizes that the 
DNA is damaged and tries to repair it 

It determines the site at which the Cas9 
enzyme cuts the genome 

It uses the DNA repair machinery to intro- 
duce changes to one or more genes 

It makes a cut across both strands of the 
DNA 

From the following, select the ones that apply 
to the zinc-finger nucleases and TALENS sys- 
tems of gene editing: 

(a) Direct binding to the target DNA through 
a protein domain 

DNA recognition motif composed of sev- 
eral repeated units 

Function in pairs 

Use fusion proteins 

Can lead to the introduction of indels 
Require a guide RNA sequence 


(b) 
(c) 
(d) 


(b) 


(c) 
(d) 
(e) 
(f) 
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Preclinical Studies 
and Clinical Trials 


9.1 


The development of a therapy for human use 
entails a complex and long process of studies and 
validations, first in cells and animal models and 
later in human subjects. The first step is com- 
monly referred to as preclinical research or 
development, being important to access the safety 
and also the efficacy of the therapy proposed. In 
a gene therapy context, the in vivo preclinical 
studies, using relevant animal models, are partic- 
ularly important, as most of the therapies are 
being studied for the first time. If preclinical 
studies yield relevant results, therapy can con- 
tinue its process of development, being then eval- 
uated in clinical trials, which refer to research 
studies performed in human subjects. In their 
simplest design, clinical trials aim to evaluate the 
outcomes of a particular therapy in human sub- 
jects under an experimental condition, being also 
referred to as interventional clinical studies. 

The current foundations, regulations, and 
importance of clinical trials were established as 
a response to the unethical, and in some cases 
even criminal, experimentations performed in 
human subjects, until the mid of the twentieth 
century. To regulate human experimentation, in 
1964 the World Medical Association adopted the 
Declaration of Helsinki, describing the basic 
principles of human research [1]. Further 
improvements and regulations were introduced 
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with the Belmont Report, that was created in 
response to the Tuskegee syphilis experiment. In 
1932, the US Public Health Services initiated an 
experiment to determine the natural course of 
untreated, latent syphilis in black males. Even 
when penicillin became available to treat the dis- 
ease (in the 1950s), the 400 men involved did not 
receive the therapy. Only in 1972 was the study 
stopped, after more than 100 men died directly 
from syphilis lesions [2]. The Belmont Report 
introduced the informed consent, which 1s now a 
mandatory component of clinical trials. This con- 
sent must be signed by all the participants 
enrolled in a clinical trial and must clearly state 
(1) that the study is conducted for research pur- 
poses, and include the risks, the benefits and the 
possible alternatives; (11) that participation is vol- 
untary; (111) the extension of the confidentiality of 
the study and results; and (iv) the contact for 
questions. These important rules are, of course, 
not infallible, and therefore a close supervision 
must be performed by national authorities, such 
as the EMA in Europe and the FDA in the USA. 

The design of a clinical trial is complex, 
as several variables and components must be 
addressed to ensure the safety of the study and to 
potentiate the results of the intervention. For 
example, the criteria for participant selection and 
the number of patients should be carefully 
planned, as well as the doses of the therapy and 
the duration of the study. In general, before a 
therapy receives its marketing authorization and 
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becomes available to human use, it has to pass 
through three phases of clinical trials (Fig. 9.1). 
The phase I studies aim to assess the safety of the 
therapy, the side effects and the maximum toler- 
ated dose. Normally, these are open-label studies, 
in which both participants and researchers know 
which treatment is administrated, with a small 
number of volunteer participants (healthy or dis- 


PHASE | 


Maximum 


Side effects tolerated dose 


Safety . 


Number of participants: 20-80 


Duration: up to several months 


Success rate: 70% 


PHASE II 
Efficacy . Safety * Side effects 
Number of participants: 100-300 
Duration: upto 2 years 
Success rate: 33% 
PHASE Ill 
Efficacy * Safety . Dosing 
Number of participants: — 1.000-3.000 
Duration: — 1to 4 years 
Success rate: 25-30% 
PHASE IV 
Efficacy . Safety 
Number of participants: thousands 
Duration: indefinite 
Success rate: — 70-9075 


Fig. 9.1 Overview of the different phases of a clinical 


trial and their main features. 
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eased). A phase II clinical trial is usually larger 
than the previous phase study and primarily 
focuses on the effectiveness of the therapy. The 
safety profile of the therapy is also evaluated in 
these studies, along with its side effects. The 
phase II studies are also important to plan the 
phase III trials, which are the final step before the 
marketing authorization. Phase III clinical trials 
are conducted in even larger samples, aiming to 
demonstrate or confirm the efficacy and impor- 
tantly to monitor adverse reactions. Often, phase 
III trials are blinded both for participants and 
researchers, to reduce the bias of subjective 
outcomes. 

If the results of phase III trials prove the ther- 
apy's efficacy and the regulatory agency agrees 
with the positivity of the results, the experimental 
therapy is approved. After this approval, the ther- 
apy continues to be monitored, in the so-called 
phase IV studies, in which there is a continuous 
assessment of the safety and efficacy of the ther- 
apy in the target subjects. 

This simple classification and description of 
clinical trials hides a very complex, long, and 
expensive process, which strongly limits the 
number of therapies that receive marketing 
authorization. However, they are needed to 
ensure the safety, quality, and efficacy of the ther- 
apies for human use. There are some exceptions 
to this process and phases, namely for rare dis- 
eases, for which it would be impossible to have 
the recommended number of subjects to perform 
the different phases of the trial and also because 
the economic value of a potential therapy is not 
comparable to the economic value predicted 
for common diseases. Thus, for these rare/ 
orphan diseases, the rules of each clinical trial 
phase are more relaxed, and the duration of the 
process is normally shorter. 


9.2 Gene Therapy for Cancer 

Cancer is the second leading cause of death 
worldwide, despite the important advances made 
to its treatment, both in classical therapies and in 
novel, gene-based therapies. In fact, one impor- 
tant breakthrough in gene therapy was the 
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development of suicide gene therapy (Fig. 9.2). 
The idea behind this strategy is to deliver into 
tumor cells a gene encoding a cytotoxic protein. 
However, currently, different other types of gene 
therapy targeting cancer are being investigated 
and tested. Overall, gene therapy for can- 
cer employs one of four strategies [3]: (1) intro- 
duction of suicide genes, which induce the 
generation of compounds that are toxic to tumor 
cells; (2) induction of cell lysis using modified 
viruses; (3) introduction of immunomodulatory 
genes, aiming to induce or increase the immune 
system response; and (4) introduction of tumor- 
suppressor genes, which will block cell division. 
Of course, this simple classification of gene ther- 
apy strategies targeting cancer might be reduc- 
tive, as cancer is a very complex disease. 
Furthermore, this general strategies hide the fact 
that different approaches are strongly intercon- 
nected, and one particular approach may, for 
example, cause cell lysis and induce the immune 
system response at the same time. 

Cancer is one of the main targets for gene 
therapy, and advances in this field led to the 
approval of Imlygic®, which is a suicide gene 
therapy product for melanoma treatment. It is 
based on the intratumoral delivery of a weakened 
form of herpes simplex virus type 1 (e.g., the 
neurovirulence factor ICP34.5 was 
deleted) that can infect and multiply inside mela- 
noma cells, killing them; moreover, it makes the 
infected cells produce the human cytokine granu- 
locyte macrophage colony-stimulating factor 
gene (GM-CSF), which stimulates the patient's 
immune system to destroy the cancer cells. The 
therapy, now approved both in Europe and the 
USA, is able to selectively recognize and destroy 


Fig. 9.2 Overview of 
suicide gene therapy 
targeting cancer, 
aiming to cause cell 
death through 

the introduction of a 
toxic gene. 





Diseased 
cell 
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malignant cells with a minimal effect on normal 
cells [4]. 


9.2.1 Suicide Gene Therapy 

Suicide gene therapy can be achieved using at 
least two strategies [5]: an indirect form in which 
gene therapy is accomplished through an enzyme- 
activated prodrug that will be converted into a 
lethal drug inside the cells, or the direct delivery 
of proapoptotic genes (Fig. 9.3). Importantly, 
both forms aim to produce cell death without 
affecting normal cells. 

The first strategy uses genes that codify for 
enzymes that convert a prodrug (which is after- 
ward administrated) into a compound that is 
actively toxic to the cell, leading to its death. One 
of the most popular systems uses the herpes sim- 
plex virus thymidine kinase gene (HSV-tk), 
which converts the antiviral drug ganciclovir 
(GCV) to monophosphate, that is then metabo- 
lized by cell kinases into GCV-triphosphate, 
inhibiting DNA synthesis and leading to cell 
death [6]. This suicide gene therapy strategy 
also has the advantage of the bystander effect, 
which is a potentiation of the effect whereby the 
prodrug efficacy will be extended to neighboring 
cells. Other popular systems employ the enzyme 
cytosine deaminase and the prodrug 5-flurocyto- 
sine (5-FC) or the cytochrome P450 and the pro- 
drugs cyclophosphamide (CPA) and ifosfamide 
(IFO). 

The other type of suicide gene therapy is based 
on the introduction of proapoptotic genes. For 
example, the delivery of the gene codifying wild- 
type p53 (which is frequently mutated in several 
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Fig. 9.3 The different types of gene therapy strate- 
gies targeting cancer. Suicide gene therapy can be 
achieved using at least two strategies, an indirect form in 
which gene therapy is accomplished through an enzyme- 
activated prodrug that will be converted into a lethal drug 
in cells, or a direct form consisting on the delivery of pro- 
apoptotic genes (1). The idea of oncolytic gene therapy is 
to apply viruses directly into the tumor, and the patho- 
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cell division e 
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genic agents will induce tumor cell lysis (2). In the immu- 
nomodulatory gene therapy, there is the introduction of a 
gene leading to the stimulation or enhancement of antitu- 
mor immunity (3). In the tumor-suppressor gene therapy, 
there is the introduction of tumor-suppressor genes as a 
way to fight cancer, preventing uncontrolled cellular 
growth (4). 
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human tumors) can restore the normal function of 
the protein and promote cellular apoptosis in 
tumors. In fact, Gendicine®, the first gene ther- 
apy product approved in China, is based on this 
strategy, delivering wild-type p53 gene through 
adenoviral vectors. The use of other genes aiming 
to promote cell death is also under investigation, 
including the genes codifying caspase 3 and 
Smac. 


9.2.2 Oncolytic Gene Therapy 


Besides the important use of viruses as carriers, 
their natural infectious features may also be used 
for cancer gene therapy applications. The idea of 
oncolytic gene therapy is to apply viruses directly 
into the tumor, where the pathogenic agents will 
induce tumor cell lysis (Fig. 9.3). These so-called 
oncolytic viruses can lead to cellular death 
through oncolysis, destruction of tumor blood 
vessels, antitumor immune activation, or 
even through the promotion of the expression of 
therapeutic genes in parallel with the lysis effect. 
For example, attenuated forms of herpes sim- 
plex virus type 1 (HSV-1) only able to replicate 
in tumor cells can be introduced into these cells 
leading to lysis upon infection. This strategy 
presents two important features. First, there is a 
potentiation effect, since the new viruses pro- 
duced (these are replicative viruses) are able to 
infect neighboring tumor cells. Second, the use 
of these oncolytic viruses and their replication 
will promote an immune response, thus enhanc- 
ing the therapeutic effect. This strategy is the 
basis of Imlygic®, an HSV-1-based system that 
included several genome modifications, such as 
deletion of ICP34.5 and ICP47 genes and the 
insertion of a transgene encoding GM-CSF, as 
previously explained. Moreover, the insertion of 
cellular promoters for tumor-targeted replication 
was also used to increase tumor specificity [7]. 
In China, another oncolytic gene therapy 
named Oncorine (H101) was also approved. 
Oncorine is an oncolytic adenovirus encoding the 
p53 protein, to be used in combination with che- 
motherapy for the treatment of nasopharyngeal 
carcinoma [8]. Other viruses are also being inves- 
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tigated in clinical trials as oncolytic gene therapy 
strategy effectors, namely vaccinia virus, reovi- 
rus or measles virus [9]. 


9.2.3 Immunomodulatory Gene 


Therapy 


The idea behind immunomodulatory gene ther- 
apy is the recognition that growing tumors 
actively evade the immune system and that stim- 
ulation or enhancement of antitumor immunity 
can be a therapeutic strategy to fight cancer. In 
fact, the 2018 Nobel Prize in Physiology or 
Medicine was awarded to James P. Allison and 
Tasuku Honjo for their discovery of cancer ther- 
apy by inhibition of negative immune regulation. 
In a gene therapy setting, this strategy can take 
advantage of the enhancement of the immune 
response through the delivery of proinflamma- 
tory genes (Fig. 9.3). Furthermore, the use of 
modified cells (e.g., T-Iymphocytes or dendritic 
cells) is another strategy for immunomodulatory 
therapy, thus combining gene and cell therapy 
[10]. For example, the combination of an immu- 
nological checkpoint blockade with CAVTAK™, 
which is an oncolytic coxsackievirus, led to a 
very good response and disease control rates in a 
phase Ib clinical trial (NCTO02307149) for 
advanced melanoma [11]. Also, preclinical stud- 
ies showed that the combination of oncolytic 
virus (expressing C-X-C motif of chemokine 11 
precursor) and immunological checkpoint block- 
ade reduced tumor immunosuppressive activity 
and boosted T-cell infiltration 1n the tumor [12]. 


9.2.4 Tumor-Suppressor Gene 
Therapy 


The introduction of tumor-suppressor genes as a 
way to fight cancer is a particular case of suicide 
gene therapy, as most cancer patients present 
mutations or even deletions in tumor-suppressor 
genes. The main goal of this gene therapy strat- 
egy is the functional restoration of those mutated/ 
deleted genes and prevention of the uncontrolled 
cellular growth (Fig. 9.3). Additionally, this 
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group of strategies includes therapies targeting 
angiogenesis, aiming to cut off the nutrient sup- 
ply to tumors, thus preventing their growth and 
contributing to their shrinkage. As well as for sui- 
cide gene therapy, the use of the p53-codifying 
gene, or several downstream mediators, can help 
to prevent tumor growth [13]. Additionally, pre- 
clinical studies show that the transfer of genes 
encoding cyclin inhibitors, and even microRNAs, 
could be used in this strategy. This type of strate- 
gies also includes the blocking of oncogenes 
expression through gene silencing approaches 
(based on RNAi or ASOs) and the expression of 
genes controlling checkpoints of the cell cycle, 
trying to stop cellular division. 


9.2.5 Comparing Gene Therapy 
Strategies for Cancer 


Along with rare neurodegenerative diseases and 
eye-affecting conditions, gene therapy strategies 
targeting cancer are probably the most advanced 
in terms of preclinical and clinical research. Like 
it was mentioned, several of the described strate- 
gies are used together and take advantage of dif- 
ferent features both of the delivered gene and 


9 Gene Therapy Applications 


the delivery vector. As they present advantages 
and disadvantages, choosing between particular 
strategies should be based on the application pur- 
pose and the type of tumor, among other consid- 
erations (Table 9.1). Moreover, gene therapy 
strategies for cancer may also be used in combi- 
nation with conventional treatments such as che- 
motherapy or radiotherapy, which is another 
important point that should be considered in the 
definition of the strategy to study. 


9.2.6 Challenges to Gene Therapy 
Targeting Cancer 


As mentioned throughout this book, several con- 
ditions must be addressed and considered to 
ensure the success of a gene therapy approach, 
regardless of the target disease. However, gene 
therapy targeting cancer has some particularities 
that should also be taken into consideration. 

In the first line of obstacles or challenges to 
tackle is the heterogeneity of cancers, ranging 
from the anatomical differences to the individual 
differences among the same type of cancer and 
even to the heterogeneity of the cell types whithin 
a cancer. All these features make the application 


Table 9.1 Main advantages and disadvantages of the different strategies of gene therapy targeting cancer. 


Gene therapy strategy Advantages 


Suicide gene therapy 


Action potentiation — bystander effect 


Proved safe in clinical trials 


Disadvantages 
Difficulty in targeting all tumor cells 
Low efficacy of gene transfer in vivo 


May be used in combination with 


conventional therapies 
Oncolytic gene therapy 


Action potentiation — bystander effect 


Replication only in tumor cells 


Viruses may be cleared by the immune 
system 


Low efficacy of gene transfer in vivo 


May be used in combination with 


conventional therapies 


May enhance the action of the immune 


system 


Immunomodulatory gene 
therapy 


Good efficacy results in vivo 


Promotion of long-term immunity 


Must overcome tumor-induced 
immunosuppression 


Autoimmune side effects 


May be used in combination with 


conventional therapies 


Tumor-suppressor gene 
therapy 


May be used in combination with 


conventional therapies 


Proved safe in clinical trials 


Existence of redundant pathways in 
tumors 


Low efficacy of gene transfer in vivo 


9.3 Gene Therapy for Eye Conditions 


of gene therapies (and also of conventional thera- 
pies) very difficult, bringing with them a high 
degree of variation in their efficacy. Another cru- 
cial aspect is the ability to specifically target 
tumor cells, especially when using oncolytic sui- 
cide gene therapy. One way to try to ensure speci- 
ficity is targeting the vectors to specific receptors 
of tumor cells, or using promoters specific to 
those cells, allowing the preservation of normal, 
non-diseased, cells. The safety profile of vec- 
tors 1s another aspect that must me guaranteed, 
especially in the gene therapy strategies that use 
replicative viral vectors. Safety can be improved 
also by engineering the viral particles so as to 
specifically infect the tumor cells. Another major 
concern of gene therapy applied to cancer is that 
efficacy of several strategies was shown to be 
reduced due to the presence of circulating anti- 
bodies, which is particularly relevant when using 
viruses as a delivery vector. 

Despite all these and other challenges, the 
future of gene therapy for cancer seems bright, 
with the prediction that several products pres- 
ently in advanced stages of development could be 
approved for marketing in the next years 
(Table 9.2). 


9.3 Gene Therapy for Eye 


Conditions 


Since the beginning of gene therapy, the eye and 
more specifically the retina was considered a 
privileged target organ for the development of 
new therapeutics. Briefly, the eye comprises two 
main regions: the anterior part (with the cornea, 
lens and conjunctiva) and the posterior part, with 
the retina as the prominent structure. The retina is 
considered part of the brain, consisting of differ- 
ent cellular layers such as ganglion cells, nerve 
fibers, light-sensing photoreceptors and the reti- 
nal pigment epithelium (RPE), among others. 
Despite being a highly specialized structure, 
compared to other organs or tissue, the retina has 
several advantages that make it very suitable for 
gene therapy. First, it can be easily and directly 
accessed, which allows direct and accurate deliv- 
ery of the therapy. Moreover, as a closed system, 
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the delivery of genes 1s limited to the eye struc- 
tures, without propagation into peripheral organs. 
Second, the retina allows an easy visualization, 
which permits a noninvasive follow-up of the 
intervention throughout time. Third, the eye is an 
immunologically privileged site, which limits the 
immune response to the gene delivery. Finally, 
there are two eyes, allowing the possibility of 
maintaining an untreated contralateral eye, as a 
valuable control for the disease natural history, 
to assess the treatment efficacy and to evaluate its 
safety profile. Because of all these advantageous 
features, there is a wide range of preclinical and 
clinical studies evaluating different gene therapy 
approaches for several retinal diseases. It is thus 
also not surprising that one of the currently 
approved gene therapy products targets a retinal 
disease. Luxturna!M (Spark Therapeutics) is a 
gene therapy product consisting of AAV vectors 
that mediate delivery of a normal copy of 
the RPE65 gene, administered through subretinal 
injection, to treat an inherited retinal disease 
caused by mutations in both copies of the afore- 
mentioned gene. 


9.3.1 A Privileged Immunologic 


Organ 


One of the important obstacles to the success of 
gene therapy is the immune response, which is 
particularly relevant when genes are delivered by 
viral vectors. Several features are present in the 
eye to maintain its immune privilege [14], circum- 
venting the immune response and making them a 
very good target for gene therapy. First, several 
physical barriers (such as the blood-retina barrier 
and the lack of efferent lymphatic vessels) prevent 
the free exchange of cells and large molecules 
between the eye and the rest of the organism. 
Second, the ocular microenvironment inhibits the 
immune-competent cells, due to the production of 
several factors (e.g., TGF-B) and the direct action 
of ocular cells (e.g., retinal glial Muller cells). 
Third, the eye is able to regulate the immune 
response directly. All these properties of the eye 
and the retina constitute advantages that make 
them good targets for gene therapy strategies. 
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9.3 Gene Therapy for Eye Conditions 


9.3.2 Gene Delivery Routes 
and Vectors 


The delivery of genes to the retina takes advan- 
tage of the extensive research made concerning 
the pharmacokinetic profiles of conventional 
drugs and the multiplicity of routes and types of 
administration tested [15]. Nevertheless, despite 
the variety of delivery routes that could be used, 
due to efficacy issues, gene delivery is mainly 
performed by intravitreal or subretinal injection. 
The latter route leads to more rapid expression of 
the transgene compared to intravitreal injection. 
However, both routes also have limitations and 
barriers that need to be surpassed. For example, 
the genes delivered by subretinal injection need 
to overcome the external membrane of the photo- 
receptors. On the other hand, the intravitreal 
route dilutes the genes in the vitreous and has to 
overcome the inner limiting membrane [16]. 

Systemic administration, in the blood circula- 
tion, of recombinant AAV targeting the eye was 
also tested in different studies, as it is a less inva- 
sive and challenging pathway. However, this 
route needs high-titer injections of viral vectors 
and could potentially lead to off-target toxicity 
effects. 

Concerning the delivery vehicle, several stud- 
ies have used non-viral vectors to deliver genes to 
the eye (Table 9.3). However, these methods fre- 
quently lack efficiency, and some of them are 
clinically inviable due to ocular complications 
related to their application. Therefore, the use of 
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recombinant viruses as vectors to deliver a gene 
directly to the eye rapidly increased in preclinical 
and clinical studies. Out of all the possibilities, 
AAV emerges as the preferred vector, due to their 
low immunogenic profile, the stable transgene 
expression they induce and the natural tropism of 
specific serotypes to eye cells. A huge effort is 
continuously being made to improve AAV effi- 
cacy, including optimization of the viral trans- 
duction or of the specificity of viral tropism. For 
example, to overcome the main limitation of 
AAV vectors, which is the limited cloning capac- 
ity, “overstuffed” and dual AAV vectors [17] 
were developed (see Chap. 3). However, despite 
being very useful for large transgenes, the appli- 
cability of dual AAV vectors is currently limited, 
because the system requires the co-expression of 
two vectors in the same cells, and the subsequent 
occurrence of homologous recombination. The 
simultaneous success of both steps is needed, 
which has been limiting the efficiency of dual 
vectors in gene therapy. 


9.3.3 Gene Therapy Trials for Ocular 
Conditions 


The heterogeneity of conditions affecting the 
eye and of the genes and cells involved is reflected 
by the variety of gene therapy trials developed so 
far, using a multiplicity of vectors, genes and 
administration routes. Nevertheless, currently, 
only 1.4% of gene therapy trials have targeted 


Table 9.3 Examples of gene therapy studies targeting the retina using different delivery methods. 


Method Gene Model Route of administration | References 
Physical | Naked DNA VEGF CD-1 mice Intrastromal corneal Stechschulte et al. 
methods injection [34] 
Electroporation | sFIt-1 Albino Lewis Injection in the Touchard et al. [35] 
rats suprachoroidal space 
Gene gun GFP Rabbits Cornea Tanelian et al. [36] 
Ultrasounds GFP New Zealand Intravitreal Sonoda et al. [37] 
albino rabbits 
Chemical | Liposomes Rpeó65 Blind mice Subretinal injection Rajala et al. [38] 
methods | Polymers Oligonucleotides | Lewis female Intravitreal injection Gomes dos Santos 


rats 


et al. [39] 
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ocular diseases. From these, most of the clinical 
studies have focused on the RPEÓ5 gene, 
especially for treating Leber’s congenital amau- 
rosis (LCA). Several strategies were also studied 
for other ocular conditions, such as choroidere- 
mia, achromatopsia or retinitis pigmentosa. In 
Table 9.4, selected gene therapy clinical trials 
targeting eye conditions are shown, providing an 
overview of the different target conditions, strate- 
gies and vectors used. 


9.3.4 Challenges to Gene Therapy 
Targeting the Eye 


The current gene therapy tools targeting the ret- 
ina are well improved and developed. There is a 
wide range of delivery routes, several vectors, 
and diverse gene transfer reagents available, and 
there is data from animal studies on the safety 
profiles of gene therapy strategies, as well as 
extensive data on their immune response. 
Nevertheless, the increasing accuracy in diagnos- 
ing retinal diseases has led to the discovery of 
more than 250 different genetically distinct reti- 
nal diseases that are now known [18] and being 
curated in a public database (https://sph.uth.edu/ 
RETNET/). This number highlights the high 
diversity of retinal diseases-causing mutations, 
and suggests the consequent, difficulty in devel- 
oping gene therapy products for each one of 
them. 

Another important challenge that gene ther- 
apy targeting the retina needs to overcome is the 
difficult transition. of the preclinical animal 
results to human studies. Contrary to other tar- 
gets, the human eye is far more specialized than 
that of current rodent models and, for this reason, 
several studies need to be performed in species 
with a more complex eye, like nonhuman pri- 
mates. Of course, this raises ethical and economic 
issues that need to be carefully considered and 
discussed. Additionally, it is particularly impor- 
tant to develop vectors specifically directed to the 
human retina, as frequently the transduction pat- 
tern is different in rodents compared to humans 
or larger animals. 
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9.4 GeneTherapy 
for Cardiovascular Diseases 


(CVDs) 


Cardiovascular diseases (CVDs) constitute a seri- 
ous health problem, being the major cause of mor- 
tality and morbidity worldwide, and their 
prevalence is still increasing. CVDs comprise a 
group of disorders of the heart and blood vessels, 
for example, coronary heart disease, cerebrovas- 
cular disease and peripheral arterial disease, 
among others. Heart attacks and strokes, despite 
usually corresponding to acute events, are also 
classified as CVDs. There has been a huge advance 
in the pharmacological and surgical therapies for 
CVDs, which resulted in symptom mitigation and 
in the reduction of disease progression; however, 
there is still a lack of effective therapies to effec- 
tively cure and treat CVDs. Therefore, gene ther- 
apy appears as a promising strategy for the 
treatment of both inherited and acquired CVDs 
gene. The potential of gene therapy in the context 
of CVDs became very clear a long time ago when 
direct intra-arterial gene transfer was performed 
using endovascular catheter techniques [19]. In 
fact, the multiplicity of surgical techniques used 
for the different CVDs contributed to the extensive 
gene therapy trials performed for these diseases, as 
several administration routes have already been 
tested and established (Table 9.5). 

In terms of vectors, the first attempts used 
non-viral methods; however, similarly to other 
applications, viral vectors have become the pref- 
erable system in CVD studies. In this group, 
there are studies using adenoviral vectors, AAV 
vectors and lentiviral vectors. In the case of AAV 
vectors, serotypes 1, 6, 8 and 9 have been identi- 
fied to have a good tropism for cardiac tissue, 
after systemic delivery. 

Another important issue regarding gene ther- 
apy studies for CDVs is the therapeutic genes to 
transfer. The most promising results were 
obtained with genes that induce angiogenesis or 
vasculogenesis or genes that encode for proteins 
involved in the cardiomyocytes Ca?* pathway 
(Table 9.6). Nevertheless, several other genes 
were also studied [20], although until now no 
gene therapy product has been approved. 
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Table 9.4 Selected gene therapy clinical trials targeting eye diseases. 


Therapeutic 
Condition gene Phase | Vector 
Leber’s congenital RPE65 III AAV2 
amaurosis 
Choroideremia CHM III AAV2 
Achromatopsia CNGB3 II AAV8 
Retinitis pigmentosa PDE6B Ii AAV2/5 
Stargardt disease ABCA4 I/I Lentivirus 
Neovascular Anti- I/II AAV8 
age-related macular VEGF 
degeneration protein 


Therefore, more studies are needed both at the 
preclinical and clinical levels to deliver a safe and 
efficient gene therapy product for CVDs. 


9.5 Gene Therapy 
for Neurodegenerative 


Diseases 


The brain and its molecular networks and cellular 
circuits are quite complex, which complicates its 
study in normal and pathological conditions. 
Neurodegenerative diseases are defined by a pro- 
gressive dysfunction of the nervous system, which 
is normally translated into severe symptoms and a 
debilitating phenotype. Normally, these are late- 
onset diseases, affecting a large part of the world 
population, which is a reflex of an increased 
elderly population worldwide. Therefore, they 
represent a huge burden for current societies, 
without any therapy available to stop or delay dis- 
ease progression. In fact, current therapies are 
only symptomatic, with very limited effects and 
do not target the underlying molecular mecha- 
nisms of pathogenesis and degeneration. 

The difficulty in treating neurodegenerative dis- 
eases has several causes; however, their complex 
nature and the limited accessibility of the central 
nervous system (CNS) are probably the two most 
important ones. First, neurodegenerative diseases 
such as Alzheimer’s disease and Parkinson’s dis- 
eases are mainly sporadic, without a clear cause, 
which strongly limits the ability to ratio- 
nally develop therapies for them. Even monogenic 
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Route of 
administration Sponsor Trial ID 
Subretinal Spark NCT00999609 
Therapeutics 
Subretinal Nightstar NCT03496012 
Therapeutics 
Subretinal MeiraGTx NCT03001310 
Subretinal Horama S.A. NCT03328130 
Subretinal Sanofi NCT01367444 
Subretinal REGENXBIO NCT03066258 
Inc. 


neurodegenerative diseases, like the polyglutamine 
diseases, have a complex molecular pathogenesis 
that only now is starting to be completely eluci- 
dated. The other important point is the existence of 
the blood-brain barrier (BBB), preventing the 
access of many drugs to the CNS, which is the part 
of the nervous system that is most com- 
monly affected in these diseases. Furthermore, 
there is a high number of different neurodegenera- 
tive diseases, and each one is characterized by 
a considerable degree of heterogeneity and by a 
variable incidence; combined, these aspects consti- 
tute additional challenges to the search for thera- 
peutic solutions. Two other important factors 
contribute to the lack of efficient therapies: the CNS 
has a poor ability to repair neuronal damage, which 
strongly limits the success of a therapy in actually 
reverting neuronal loss, and the evaluation of the 
clinical outcomes after a therapy administration is 
extremely difficult, due to the heterogeneous pro- 
gression of the neurodegenerative process and to the 
lack of established biomarkers. 

Gene therapy arises as a powerful tool to treat 
neurodegenerative diseases, trying to restore miss- 
ing functions or to improve neuronal homeostasis, 
or ultimately to enact the correction of the molecu- 
lar pathogenesis. The potential of gene therapy in 
the treatment of neurodegenerative diseases was 
already highlighted throughout this book, for 
example, for spinal muscular atrophy (SMA). 
However, even if promising, there is still a long 
way to be traveled in order to increase the number 
of gene therapy solutions for the different neurode- 
generative diseases. 
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Table 9.5 Advantages and disadvantages of different gene administration methods targeting cardiovascular diseases. 


Gene administration method Advantages 


Direct intramyocardial injection 


High density of gene transfer, limited to the 


cardiac tissue 


Simple and safe procedure 


Anterograde arterial infusion 


Decreased risk of immune response 


Simple and minimally invasive procedure 


Disadvantages 


Expression of the gene limited to 
the local of the injection 


Multiple injections are needed 


Potential damage from the needle 
May be inefficient 


with selectivity for the cardiac tissue 


Can lead to a homogenous distribution of 


the gene 


Retrograde intravenous infusion 
the cardiac cells 


Can lead to a homogenous distribution of 


the gene 
Pericardial delivery 


Can lead to high levels of transduction in 


Can increase the transduction levels 


Can result in the systemic 
delivery of the transgene 


Potential risk of ischemic events 


May be inefficient 


Transgene expression limited to 
superficial epicardium 


Safe and minimally invasive 


Aortic cross-clamp left 
ventricular cavity infusion 


Administration Routes 
to the CNS 


9.5.1 


The choice of the administration route is an 
essential point for all gene therapy strategies, but 
it is especially critical in the context of neurode- 
generative diseases due to the presence of the 
BBB. To overcome this barrier, the strategy most 
commonly used so far has been the local and 
direct delivery of the therapeutic gene into the 
brain parenchyma, through neurosurgical stereo- 
taxic injections. However, an important limita- 
tion of the direct intracranial injection is 
the associated local trauma, as well as the stimu- 
lation of inflammation and toxicity-inducing 
events. Also, the procedure is associated with a 
poor spread of the vector, limited around the 
injection site. Of course, this limitation can be 
overcome with multiple injections, although this 
strongly increases the complexity of the surgery 
and its potential side effects. Additionally, the 
procedure is preferably performed only once due 
to the risks to the patient, thus precluding multi- 
ple administrations at different time points. 

An alternative to this procedure can be the 
delivery of the vectors with the therapeutic gene 
into the cerebrospinal fluid (CSF), which can be 


Increased gene transfer efficiency 


High risk of myocardial injury 
Not cardiac specific 
Requires open chest surgery 


accessed through a different route. This alterna- 
tive will increase the spread of the vector, 
although it has an important degree of invasive- 
ness and complexity in some of its routes. Maybe 
the one exception is the intrathecal injection, 
which is a common and relatively safe procedure 
in current medical practice. However, all these 
routes are relatively complex, and therefore non- 
invasive and peripherical routes of gene delivery 
were also developed and studied. For motor neu- 
ron diseases, an interesting route consists on the 
intramuscular injection of the vectors, which is a 
minimally invasive procedure that could reach 
the CNS by retrograde transport through the 
motor neurons. 

However, the least invasive and probably most 
straightforward delivery route is the systemic 
administration of the vectors, especially through 
intravenous injection. This method has the advan- 
tage of being safe, allowing repeated administra- 
tions and the introduction of high amounts of 
vectors, 1f needed. However, the BBB limits the 
access of the systemic molecules to the CNS, and 
therefore the vector must have the ability to cross 
it. To achieve this, several studies have reported 
non-viral vectors coupled with molecules that 
facilitate or mediate the BBB crossing. On the 
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side of viral vectors, the discovery of the natural 
ability of AAV9 to bypass the BBB opened a new 
opportunity to treat neurodegenerative disease 
with viral vector-mediated gene therapy. 


9.5.2 Candidate Conditions 
for Gene Therapy 


Neurodegenerative disease is a broad term that 
includes several chronic conditions that cause a 
slow, progressive and irreversible loss of neu- 
rons. The brain regions and neuronal subtypes 
affected are different among these diseases, 
which translates into different phenotypes and 
symptoms. This group of diseases includes 
Alzheimer’s disease (AD), Parkinson’s disease 
(PD), amyotrophic lateral sclerosis (ALS) and 
other motor neuron diseases such as spinal mus- 
cular atrophy (SMA), and the polyglutamine dis- 
eases. This latter group constitutes the larger 
group of monogenic neurodegenerative dis- 
eases and comprises Huntington’s diseases (HD), 
six forms of spinocerebellar ataxia (SCAT, 2, 3, 
6, 7 and 17), dentatorubral-pallidoluysian atro- 
phy (DRPLA), and spinal and bulbar muscular 
atrophy (SBMA). Aside from these chronic neu- 
rodegenerative diseases, other acute condi- 
tions affecting the CNS, such as stroke and spinal 
cord injury, can also be targeted by gene and cell 
therapy strategies. 


9.5.3 Vectors for Delivering Genes 
into the CNS 


Like for any other organ or tissue, the ideal vector 
used to deliver genes into the CNS should have 
specifically appropriate features, most of which 
have already been discussed throughout this 
book. Nonetheless, taking into consideration the 
important limitations pointed above, some of 
the conditions that are crucial for the success of 
gene therapy targeting the brain deserve a closer 
look. First, the gene introduced must be delivered 
efficiently to the brain. Second, since most of the 
neurodegenerative diseases result from a mal- 
function of specific regions and neuronal popula- 
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tions ofthe brain, the gene should be preferentially 
delivered to the affected neurons, avoiding the 
other cells of the CNS. The third important con- 
sideration concerns the levels and duration 
of gene expression. The access to the CNS is dif- 
ficult; thus, ideally, gene delivery should be per- 
formed once, ensuring a therapeutic expression 
without cytotoxic side effects. 

To meet all these conditions and overcome the 
particularities of the CNS, most of the studies use 
viral vectors to deliver genes. The herpes simplex 
virus type 1 (HSV-1) vector has a natural tropism to 
neurons, which makes it a good vector targeting the 
brain. However, its high cytotoxic profile makes it 
unsuitable for most of the neurodegenerative dis- 
eases. Currently, most of the gene therapy applica- 
tions using HSV-1 vectors aim to take advantage of 
this feature to treat glioblastomas, which are brain 
tumors with a very poor prognosis. Even more lim- 
ited is the use of adenoviral vectors for gene deliv- 
ery to the brain, due to the strong immune response 
they elicit and their potential toxicity. 

On the other hand, lentiviral vectors are attrac- 
tive as gene delivery systems for the brain, allow- 
ing a good tropism to neurons or glial cells, 
depending on the envelope pseudotyping. One of 
the main advantages of lentiviral vectors is their 
ability to integrate the transgene into the host cell 
genome, facilitating the goal of one-time therapy. 
However, the possibility of insertional mutagen- 
esis, along with their HIV-1 origin, constitute 
important safety limitations to their use in the 
treatment of neurodegenerative conditions. 

Due to the limitations of both HSV-1 and lenti- 
viral vectors, AAVs have emerged as good deliv- 
ery vectors for the brain. AAVs can transduce 
nondividing cells and have the ability to confer 
long-term expression of the therapeutic gene with- 
out inflammation or toxicity. Moreover, the dis- 
covery of an AAV serotype that crosses the BBB 
provided an important boost to their use as vectors 
targeting the CNS. However, the use of AAVs is 
still limited, due to the presence of circulating pre- 
existing antibodies against several AAV serotypes. 
Moreover, their small cloning capacity constitutes 
another important disadvantage. 

These considerations demonstrate that there is 
not a singularly perfect viral vector to deliver genes 
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to the brain; however, current advances in lentiviral 
and AAV vectors make them the most probable and 
most common choice in both preclinical and clini- 
cal studies. In the next sections, several gene ther- 
apy strategies for different neurodegenerative 
diseases are described, although diverse examples 
have already been mentioned and discussed in 
other chapters throughout the book. 


9.5.4 Alzheimer’s Disease 


Alzheimer’s disease (AD) is the most common 
neurodegenerative disorder worldwide. The dis- 
ease is mainly characterized by impairments in 
memory and behavior, and there are no therapeu- 
tic solutions available to stop the disease progres- 
sion. Neuropathologically, it is characterized by a 
degeneration of cholinergic neurons, the forma- 
tion of extracellular plaques of amyloid p peptide 
and the assembly of neurofibrillary tangles due to 
the accumulation of hyperphosphorylated tau 
protein. Despite being very common, less than 
10% of AD cases are familial and, therefore, the 
intricate etiology of the disease complicates the 
development of therapeutic strategies. 

Several gene therapy strategies have been 
tested in preclinical studies; however, the clinical 
studies focused mainly on the expression of neu- 
rotrophic factors, especially the nerve growth 
factor (NGF) as a way to improve AD-associated 
deficits. A pioneering study showed that an ex 
vivo gene therapy approach, based on the admin- 
istration of fibroblasts expressing NGF into the 
brain, was able to increase the density of cholin- 
ergic neurons in aged monkeys [21]. This study 
was the basis for a phase I clinical trial developed 
in the USA in eight patients with early-stage 
AD. In this study, autologous fibroblasts modi- 
fied by retroviral vectors to produce and secrete 
NGF [22] were transplanted into the nucleus 
basalis of Meynert of the patients. A 22-month 
follow-up of six of the patients showed no adverse 
effects, a reduction in the speed of the cognitive 
decline of around 50%, and a significant increase 
in cerebral metabolism, evaluated by positron 
emission tomography (PET) scan. Moreover, a 
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brain autopsy of one of the patients showed 
robust expression of NGF and a dense concentra- 
tion of cholinergic axons in the fibroblast graft. 
Although the results were promising, the high 
costs and complexity of the procedure prevented 
further development and the continuation of the 
studies in subsequent clinical trials. 

More recently, a phase I clinical trial injected 
NGF-codifying AAV2 particles into the basal 
forebrain of 10 AD patients [23], upon stereo- 
taxic surgery. A follow-up of 2 years showed that 
this in vivo gene therapy approach was well toler- 
ated and was able to produce long-term expres- 
sion of NGF. These promising results were the 
basis for a subsequent phase II clinical trial 
(NCT00876863). The first results of the study 
were somehow mixed, and 2 years after the pro- 
cedure both groups showed a similar decline in 
cognitive function. Therefore, in 2015, Sangamo 
Therapeutics ended the development of this strat- 
egy, which was named CERE-1 10. 


9.5.5 Parkinson's Disease 


Parkinson's disease (PD) is the second most com- 
mon neurodegenerative disease worldwide, aris- 
ing as a heritable condition (in 5-10% of the 
cases) or, more commonly, as a sporadic disor- 
der [24]. From a neuropathological point of view, 
itis characterized by neuronal loss in the substan- 
tia nigra, which causes striatal depletion of dopa- 
mine and the formation of intracellular inclusions 
of a-synuclein. Traditionally, motor symp- 
toms associated with PD (e.g., rigidity, resting 
tremor) are mitigated by the reposition of dopa- 
mine levels with drugs such as levodopa. This 
treatment is able to counter some motor deficits; 
however, with disease progression, 
levodopa becomes less efficient. Therefore, there 
is an opportunity for gene therapy strategies and, 
in fact, several different approaches have been 
explored both in preclinical and clinical studies. 
There are several gene therapy studies using 
nonhuman primates focusing on normalizing 
either the dopamine production or the abnormal 
firing in the basal ganglia, while other strate- 
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gies aim to stop, or revert, neuronal loss [25]. In 
the same line, there are also several clinical trials 
performed in PD patients using gene therapy 
strategies (Table 9.7). Most of them were phase I 
clinical trials that passed the safety criteria and 
demonstrated some efficacy. However, in subse- 
quent trials, almost all of them failed to show 
more efficiency than the placebo. 

One exception was a phase II clinical trial 
based on the local injection of the GAD (glutamic 
acid decarboxylase) gene, delivered by AAV2 
into the subthalamic nucleus in 22 PD patients 
[26]. There was an improvement in the AAV2- 
GAD-treated group compared with the control 
group; however, the effect was not better than the 
current standard of treatment, and therefore the 
development of the therapy was not continued. 
Another phase II clinical trial used AAV2 to 
deliver the neurturin (NRTN) gene into the puta- 
men of 38 PD patients. Some encouraging results 
were observed, namely an increase of neurturin 
expression at the injection site, although its levels 
in the substantia nigra were not altered. Based on 
these results, a further phase IIb clinical trial was 
developed injecting the therapy both in the puta- 
men and in the substantia nigra. However, there 
was no significant improvement in the clinical 
outcome of treated patients, and therefore the 
development of the therapy (named CERE-120) 
was not continued. 

Another interesting strategy was developed by 
Oxford Biomedica, using a polycistronic lentivi- 
ral vector to express three enzymes essential for 
dopamine synthesis: tyrosine hydroxylase (TH), 
aromatic amino acid dopa  decarboxyl- 
ase (AADC), and GTP cyclohydrolase I (GCH1). 
The therapy (named ProSavin) was tested in a 
phase I/II clinical trial targeting the sensorimotor 
part of the striatum and the putamen. The therapy 
proved to be safe, and the majority of the treated 
patients displayed some improvements in motor 
behavior [27]. The company is now preparing a 
phase I/IIa clinical trial with an improved version 
of the therapy named OXB-102. The results of 
these and other clinical studies highlight the 
complexity of developing gene therapies for 
PD. However, the relevance of the disease and the 
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continuous development of strategies in preclini- 
cal studies promise more clinical trials with gene 
therapies in the future. 


9.5.6 Lysosomal Storage Diseases 
(LSDs) 


Lysosomal storage diseases (LSDs) comprise a 
group of more than 50 different inherited meta- 
bolic diseases that result from a dysfunction of 
the lysosome, which leads to the accumulation of 
undigested or partially digested macromolecules. 
Despite being a metabolic diseases, around 70% 
of LSDs affect the CNS, leading to selective neu- 
rodegeneration in several brain regions and 
extensive neuroinflammation. LSDs are good 
candidates for gene therapy, as most of these dis- 
eases are autosomal recessive monogenic condi- 
tions. Therefore, there are several examples of 
preclinical and clinical studies using gene ther- 
apy for these diseases [28], including some strat- 
egies in the late stages of clinical development, 
which suggests that some gene therapies for 
LSDs may be approved in the near future. 
Metachromatic leukodystrophy (MLD) is 
caused by a deficiency in arylsulfatase A (ARSA), 
leading to an accumulation of sulfatides and 
demyelination of the CNS and peripheral nervous 
system, which translates into severe motor and 
cognitive defects. In 2013, an ex vivo gene therapy 
clinical trial study was performed in three patients 
with presymptomatic MLD. Autologous hemato- 
poietic stem cells (HSCs) were treated with a len- 
tiviral vector containing the correct ARSA gene 
and then reintroduced into patients. In a more than 
18-month follow-up, the disease did not manifest 
or progress in the three patients, which had a much 
better motor and cognitive function compared to 
their untreated siblings [29]. These results were 
the basis for a phase I/II clinical trial using the 
same strategy in 20 MLD patients, which were fol- 
lowed for 3 years post-intervention. The prelimi- 
nary results of this study revealed that this ex vivo 
gene therapy strategy was safe and with a clear 
therapeutic effect [30]. An in vivo gene therapy 
strategy was also tested in a phase I/II clinical trial, 
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based on the intracerebral AAV 10-mediated deliv- 
ery of the correct ARSA gene in 12 different sites 
in 5 patients with presymptomatic or early state 
confirmed MLD (NCT01801709). This study was 
based on extensive preclinical studies, including in 
nonhuman primates, which showed a safe and effi- 
cient gene transfer. However, until now, no results 
from the clinical trials were published. 

Mucopolysaccharidosis type IIIA (MPSIIIA ), 
also known as Sanfilippo syndrome type A, is 
caused by a recessive mutation in the SGSH 
(N-sulfoglucosamine sulfohydrolase) gene. It has 
a very early onset, around 2 years of age, with a 
progressive decline of cognitive and motor func- 
tions in the first decade of life, being fatal in the 
second decade. A first gene therapy study was 
launched by Lysogene, based on the intracerebral 
administration of AAVIO encoding both SGSH 
and SUMF 1 (sulfatase-modifying factor) genes. 
The therapy was performed in four children, and 
the vector was injected into six different brain 
areas. The results showed no adverse effects 
and revealed some improvements or the stabiliza- 
tion of selected clinical parameters in some 
patients [31]. The company is now recruiting 
patients for a phase H/A clinical trial 
(NCT03612869), based on the administration of 
AAV 10 vectors containing the SGSH gene (LYS- 
SAF302). Another company, Abeona 
Therapeutics, initiated a phase I/II clinical trial 
(NCT02716246) based on the systemic adminis- 
tration of AAV9 encoding for the normal SGSH 
gene. No results were yet published, although the 
company states in its website that the therapy is 
well tolerated and that positive neurocognitive 
signals were detected. 


9.5.7 Amyotrophic Lateral Sclerosis 


Amyotrophic lateral sclerosis (ALS), also known 
as Lou Gehrig's disease, is an incurable and pro- 
gressive neurodegenerative disease with adult 
onset and a relatively short course, causing death 
within 3 to 5 years after the diagnosis. 
Neuropathologically, it is characterized by the 
degeneration of motor neurons in the spinal cord, 
brain stem and motor cortex. 
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The disease includes a more common, sporadic 
form (affecting 9096 of ALS patients), and a famil- 
ial form, resulting from genetic mutations and 
affecting 1096 of ALS patients. However, even for 
the familial cases, the genetic causes are complex, 
as ALS can arise from several mutations in at least 
nine different genes [32]. Maybe because of this, 
gene therapy studies are not abundant, with the 
few exceptions focused on using ASOs target- 
ing the SODI (superoxide dismutase 1) gene, 
which accounts for 1296 of the familial cases, or 
the C9ORF72 gene, that accounts for 40% 
of familial ALS cases. However, at least for the 
ASOS targeting the SOD/ gene, the efficacy results 
were not as promising as expected. 

For sporadic ALS forms, the development of 
gene therapy strategies is even more complex and 
difficult, as the causing factors are not clearly 
elucidated. Several preclinical studies in animal 
models showed important improvements in neu- 
ropathological and motor deficits upon viral 
delivery of trophic factors- coding genes, such as 
GDNF (glial cell line-derived neurotrophic fac- 
tor), IGF-I (insulin-like growth factor 1) and 
VEGF (vascular endothelial growth factor). 
However, despite the positive results obtained, 
none of these strategies has yet advanced to clini- 
cal trials. 


9.5.8 Polyglutamine Diseases 


Polyglutamine diseases constitute the largest 
group of inherited monogenic neurodegenera- 
tive diseases. For this reason, and despite being 
rare, the nine polyglutamine diseases occupy a 
central stage in the development of gene therapy 
strategies. Several examples of preclinical and 
clinical studies were mentioned in Chaps. 6 
and 7, especially for Huntington’s disease and 
Machado-Joseph disease (also known as spino- 
cerebellar ataxia type 3). Moreover, different 
approaches based both on cell and gene thera- 
pies were recently reviewed [33], highlighting 
the existence of extensive results from preclini- 
cal studies that support some ongoing clinical 
trials and certainly several others that will be 
developed in the future. 
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9.6 Future Prospects for Gene 
Therapy Studies 


From this brief, and far from exhaustive, descrip- 
tion of different gene therapy preclinical and clin- 
ical studies, it is clear that there is a huge interest 
in these approaches to the treatment of human 
disease. The technical advances of the last years 
and the improvements made in terms of delivery 
vectors’ safety greatly contributed to this boost. 
Although several challenges are still ahead, 
including many ethical concerns and the question 
of the cost of gene-based treatment, gene therapy 
is now on a growing momentum. In fact, it is fore- 
seen that, in the next few years, several gene ther- 
apy products will receive marketing authorization 
from regulatory agencies both in Europe and the 
USA. If that is the case, gene therapy will defini- 
tively establish itself as an effective therapeutic 
option for several diseases, providing the cure for 
many untreated diseases - especially for rare con- 
ditions -, and possibly even constitute an alterna- 
tive to conventional therapies. 


This Chapter in a Nutshell 


e Preclinical studies normally refer to labora- 
tory studies in cell or animal models that eval- 
uate the safety and efficacy of a therapy. 

* Clinical trials comprise a set of different stud- 
ies that test the safety, efficacy and side effects 
of therapy in human subjects. 

* Normally, before receiving marketing authori- 
zation, a therapy needs to undergo three dif- 
ferent phases of a clinical trial. 

* Gene therapy approaches targeting cancer are 
grouped into different categories: (1) intro- 
duction of suicide genes, which induce the 
generation of compounds that are toxic to 
tumor cells; (2) induction of cell lysis using 
modified viruses; (3) introduction of immuno- 
modulatory genes, aiming to induce or 
increase the immune system response; and (4) 
introduction of tumor-suppressor genes, 
which will block cell division. 
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Suicide gene therapy can be achieved using at 
least two strategies: an indirect approach, in 
which therapy is accomplished through an 
enzyme-activated prodrug that will be con- 
verted into a lethal drug in cells, or a direct 
approach entailing the delivery of proapop- 
totic genes. 

Oncolytic gene therapy strategies are based on 
replicative viruses that specifically target 
tumor cells. 

Immunomodulatory gene therapy is based on 
the recognition that growing tumors actively 
evade the immune system and that stimulating 
or enhancing antitumor immunity can be a 
therapeutic strategy to fight cancer. 
Tumor-suppressor gene therapy aims to func- 
tionally restore mutated/deleted genes and 
prevent uncontrolled cellular growth. 

Gene therapy targeting different conditions 
affecting the eye is among the most advanced 
strategies developed, mainly due to (1) the 
easy access to the eye, (2) the easy visualiza- 
tion of the administered therapy, (3) the fact 
that the eye is an immunologically privileged 
site, and (4) the fact that the existence of two 
eyes allows maintaining an untreated contra- 
lateral eye as a valuable control. 

Several gene therapy studies were developed 
targeting cardiovascular diseases; however, 
until now no therapy is currently approved. 
Neurodegenerative diseases are defined by 
a progressive dysfunction of the nervous sys- 
tem, which is normally translated into severe 
symptoms and a debilitating phenotype. 

Due to several important particularities of 
neurodegenerative diseases, gene therapy 
arises as a powerful tool to treat them, aiming 
to restore missing functions, to improve neu- 
ronal homeostasis, or ultimately block the 
molecular pathogenesis. 

There are multiple examples of gene therapy 
strategies, developed in both preclinical and 
clinical studies, that target different neurode- 
generative conditions, including Alzheimer's 
disease, Parkinson's disease and amyotrophic 
lateral sclerosis, among others. 
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Review Questions 


1. What is the main aim of a phase I clinical trial 


testing of a gene therapy strategy? 

(a) Access therapy safety 

(b) Access therapy efficacy 

(c) Compare the therapy with the gold stan- 
dard therapy 

Access the long-term effect of the 
therapy 

None of the above 


(d) 
(e) 


2. Which of the following is not a gene therapy 


strategy targeting cancer? 

(a) Suicide gene therapy 

(b) Oncolytic gene therapy 

(c) Tumor-suppressor gene therapy 
(d) Immunomodulatory gene therapy 
(e) Neurotrophic gene therapy 


3. Which feature makes the eye a good target for 


gene therapy? 

(a) Difficult access 

(b) Immunological privilege 

(c) Is part of the nervous system 

(d) Non-viral vectors can be used to mediated 
delivery 

(e) Has only one type of cells 


4. Which of the following viral vectors is more 


suitable for a direct administration of a gene 
therapy targeting the brain neurons? 

(a) Lentiviral vectors 

(b) Adenoviral vectors 

(c) Gamma retrovirus-based vectors 

(d) Adenovirus gutless vectors 

(e) Baculovirus-based vectors 
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